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ABSTRACT
Following an overview in the field of Supramolecular Chemistry given in the
Introduction, this thesis reports and discusses
i) The synthesis o f 5,11,17,23 tetra-rer/-butyl, 25,27 bis(diethylphosphate amino) 
ethoxy, 26, 28 dihydroxycalix[4]arene, 1, and 5,11,17,23 tetra-/err-butyl, 
25,27-bis(diethylthiophosphate amino) ethoxy, 26,28 dihydroxy- 
calix[4]arene, 2, and their characterization by *H and NMR, elemental 
analysis and X-ray crystallography.
ii) The solution thermodynamics of 1 and 2 in various solvents at 298.15 K and 
the transfer thermodynamics of these ligands from acetonitrile to various 
solvents.
iii) Electrochemical (conductance) studies on the interaction of 1 and 2 and metal 
cations in acetonitrile, methanol and in the water-dichloromethane solvent 
system at 298.15 K. Conductance measurements were used to establish the 
composition of the metal-ion complexes in various solvents.
iv) Calorimetric and potentiometric measurements performed for the derivation of 
the thermodynamics associated with the complexation process in acetonitrile 
and methanol. These measuremts were carried out to establish the selective 
behaviour of 1 and 2 for a given cation relative to another in these solvents.
v) Distribution experiments in the absence and in the presence of 2 with different 
metal cations in the water-dichloromethane solvent system at 298.15 K. These 
measurements were used to derive partition, association, distribution and 
extraction equilibria data in this solvent system.
vi) The attachment of 2 into a polymeric fiamework and the capacity of the new 
material to extract mercury(II) salts from aqueous solutions. Recycling of the 
polymeric material was successfijlly achieved.
Suggestions for further work in this area are given.
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1. INTRODUCTION
This thesis is mainly concerned with the synthesis, structural and thermodynamic 
characterization of two novel ligands and their metal-ion complexes. The applications 
of these macrocycles in metal cation phase transfer processes and in the development 
of recyclable metal cation extracting materials are reported. Therefore this 
introduction contains:
i) A brief account on Macrocyclic Chemistry, including the most currently 
used natural and synthetic macrocycles.
ii) An overview on the progress made on calixarene chemistry.
iii) A detailed account on the research carried out involving lower rim
calixarene derivatives and their interactions with ionic and neutral species.
iv) The applications of calixarenes.
v) Aims of the present work.
1.1 Macrocyclic ligands.
Macrocyclic compounds have been known for more than a century as cyclic 
compounds with nine or more members containing three or more donor atoms ^  
Detailed investigations on these compounds were limited due to the small number of 
these compounds available at the time. Thus the condensation of phenol with 
foimaldehyde, which probably provided the simplest entry into macrocyclic ring 
compounds, was reported by von Baeyer in 1886.^
Due to the large variety of macrocyclic ligands available, Cox and Schneider^ have 
classified them into two main categories.
i) Naturally occurring macrocycles
ii) Synthetic macrocyclic compounds.
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1.1.1 Naturally occurring macrocycles
The first antibiotic found to be able to transport ions across natural membranes is 
known as valinomycin (Fig. 1.1). This macrocycle compound has a moderate 
molecular weight (500 -  1000 g moT*) consisting of about 30 atoms. The selectivity 
of this neutral macrocycle for potassium over sodium ions and its ability to transport 
this cation through natural or artificial lipid membranes was reported by Pressman."^ 
Valinomycin interacts with the potassium cation through the oxygen donor atoms of 
the carbonyl groups (ion-dipole interactions).^
The structure of these complexes is such that the metal cation is wrapped up inside the 
cavity, thus excluding any cation-solvent direct interaction.
H
Fig. 1.1 Stmcture of valinomycin
Nigericin (Fig. 1.2) was the first compound to be isolated among the polyethcr or 
carboxylic macrocycles. These are open chain molecules. The presence of an 
ionisable carboxylic function leads to the formation of neutral complexes with 
cations. However, the ligand as the free acid forms charged complexes with lower 
stability constants. The solubility of these compounds in water is very poor but 
increases in organic solvents. The end of the chain is linked by intramolecular head- 
to-tail hydrogen bonds involving a carboxylic gioup and a suitable hydroxyl groups.
Introduction
HgC Ç H gpM e
HOCH
COOH
Fig. 1.2 Structure of Nigericin.
Other macrocycles which may be classified as natural receptors are those constituted 
by a different number of glucose units linked by ethereal oxygen atoms. These are 
known as cyclodextrins^’*^. The most widely investigated are a, (Fig. 1.3), (3 and y 
constituted by six, seven and eight glucose units respectively. Cyclodextrins are 
characterized by a hydrophilic exterior and a hydrophobic cavity and therefore these 
macrocycles are able to form two types of complexes with a variety of guests. These 
are (i) ‘inclusion or axial’ type complexes in which the guest enters the hydrophobic 
cavity^ (ii) ‘equatorial or lid’ type complexes in which host-guest interactions take 
place outside the cavity^’^ . In recent years, Danil de Namor and coworkers^ have 
carried out a series of thermodynamic studies involving cyclodextrins as hosts and 
different guests such as N'-substituted sulphonamides^ and haptens such as {p- 
hydroxyphenylazo)benzoates®.
OH
OH
HO OHOH HO
HO
HO
OH
HOOH
OH
HO OH HO
OH
HO
Fig. 1.3 Structure of a-cyclodextrin.
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1.1.2 Synthetic macrocycles.
Synthetic macrocycles have attracted much attention during the past three and half 
decades due to their ability to complex selectively with cations, anions and neutral 
species.
Among the synthetic macrocycles are:
i) Crown ethers synthesised by Pederson^ (Fig. 1.4). These are characterised by 
the presence of a two dimensional hole between the ethereal oxygens capable of 
selective binding with metal cations and organic sp ec ie s .T h ese  ligands have found 
applications in extraction and transport processes. The addition of crown ethers to 
lithium salts has led to the suggestion that these complex salts have potential use in 
battery technology**^
O
O co O . .
18-crown-6 Dicyclohexyl-18-crown-6 12-crown-4
15-crown-5
\ _ y
w
Dibenzopyridino-18-crown-6 Monoazadithia-12-crown--
Fig. 1.4 Structures of some crown ethers.
- 4 -
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ii) Tetraaza** macrocycles (Fig 1.5) are planar compounds known to interact 
stiongly with transition metal cations such as zinc, cobalt and nickel. This is due to 
the planar arrangement of the four niti’ogen donor atoms. Large stability constants are 
usually observed for the tetiaaza macrocycles and these cations in water^. These 
macrocycles are soluble in water but the attachment of pendant arms bearing 
lipophilic groups on the nitrogen atoms can alter their solubility.
,NH HN. 
‘NH HN'
14-azacrown-4
/  \  -NH N. H
HN\  /
12-azacrown-4
NH
HN
16-azacrown-4
HN
NH
Methyle -14- (4,11 diene)- azacrown-4
Fig. 1.5, Structure of tetraaza macrocycles.
iii) Cryptands (Fig. 1.6) are bicyclic amines synthesised by Lehn and coworkers*^. 
These ligands are characterised by the presence of a three-dimensional cavity able to 
accommodate metal cations. Variation in the length of the bridge resulted in changes 
in cavity size and selectivity. Due to the presence of a cavity rather than a hole, their 
metal-ion complexes are generally stronger than those involving crown ethers.
- 5 -
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Cryptands with various combinations of donor atoms in the bridges have been 
synthesised. These are also shown in Fig. 1.6.
Cryptand 222
N
Cryptand 211 Ciyptand 221
N. ° / —O O K N  N
O O
Benzo cryptand 222 Dithio cryptand 222 Dibenzo cryptand 222
Fig. 1.6, Structures of cryptands.
iv) Spherands are macrocyclic compounds introduced by Cram^^ (Fig. 1.7). These 
macrocycles exhibit an octahedral cavity and are highly selective for lithium and 
sodium metal-ions even when these ions are present at trace levels in a solution 
containing a mixture of the largest alkali-metal cations. However, there is no evidence 
of complex formation with the largest cations (K^, Rb^, Cs^) within the alkali-metal
series .
Introduction
I 6"^_ o oC . 'CH
Fig. 1.7 Structure of a spherand
1.2 Calixarene chemistry. An overview.
Calixarenes^'^'’* are synthetic macrocycles containing phenolic residues in a cyclic 
array linked by methylene bridges in ortho positions with respect to the hydroxyl 
groups. The sti ucture of parent calix[n]arenes is shown in Fig. 1.8.
*
OH
n = 4, 5, 6, 7, 8, ....20 
Fig. 1.8 Structure of parent calix[n]arenes
The versatile character of calixarenes is mainly attributed to the possibility of 
introducing lower and upper rim substituents. In addition, selective functionalisation 
can be achieved by suitable choice of reagents and conditions’ .^ The literature also
-7 -
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provides examples of calixarenes bridged across the lower and the upper rim and 
coupling reactions between two or even three calixarene units have been reported.’^
Current interest in host-guest chemistry particularly in metal-ion complexation has 
resulted in a huge expansion in the field of Macrocyclic Chemistry. Thus, numerous 
macrocycles are now known containing varying combination of oxygen, nitrogen, 
phosphorus and sulphur donor a t o m s T h e s e  have been tailored to accommodate 
ionic species by adjusting the macrocycles cavity size, the shape as well as the 
number and the type of coordinating atoms or moieties. In particular the easy 
accessibility of /?-^er/-butylcalix[4]arene has made this member of the series 
increasingly popular as a building block or platform for assembling more elaborated 
structures with ligating side arms or podands for the reception of guest species.^
Other reactions involve polymerisation; replacement of phenolic groups and oxidation 
reactions’ .^ The following is an account of the various reactions involving calixarenes 
described under various headings.
i) Lower rim functionalisation.
ii) Upper rim functionalisation.
iii) Selective functionalisation.
iv) Coupling and bridging reactions.
v) Replacement of OH groups.
1.2.1 Lower rim functionalisation.
Lower rim functionalisation of parent calixarenes led to the production of a wide 
variety of derivatives. This chemical modification {via ether linkage) has been used 
by several groups to yield derivatives with various pendant groups as shown in 
Scheme 1.1 (carboxylates^^, esters^’’, ketones^”, amides^’, amines^^, sulphides^^ and 
phosphates '^’) which effectively act as metal-ion receptors.
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*
OH
XR
Base *
OR
/>-/er/-butylcalix[n]arene
R=
^  - Carboxylic acid: ^  OH
{
OI Ic  — OR 
O
-CH ^ —0 —R.
-  CH..^  -  CH^  “ i 'Z  
-CH^-CH^ - ,S’ - J?3
Ester:
Ketone:
Amide:
Amine:
Sulphide:
0Phosphates : - f  Z
Scheme 1.1. O- Functionalisation of p-tert butylcalix[n]arenes; n= 4,6,8
It is Icnown that the parent (unmodified) /?-/^r/-butylcalix[4]arene adopts a ^cone' 
conformation in solution and in the solid state because of strong hydrogen bonding 
interactions among the OH groups. However the introduction of alkyl or acyl 
substituents into the OH groups suppresses its conformational freedom because of 
steric hindrance (inhibition of the oxygen-through-the- annulus rotation). As a result 
conformational isomers are obtained^^.
Lower rim p “/er/>butylcalix[4]arene derivatives can be partially functionalized, via 
ethereal substitution, as shown in Scheme 1.2.
-9
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OH
XR
Base/catalyst
OH OR
/ 7-/er?-butylcalix[4 ]arene
r
R=
Carboxylic acid: - C H . - C - O H
Ester:
Ketone:
Amide:
Amine: 
Sulphide: 
Phosphates:
- C H . - C - O R
- C H . - C - R
?- C H . - C
-  pÜ^O-R '0 -  R,
Scheme 1.2. O- Partial functionalisation o f p-tert butyl calix[4]arene.
To obtain partial functionalisation of calixarenes it is necessary to use a catalyst that 
helps selective functionalisation.
The selective functionalisation of lower rim calixarenes can be carried out under 
suitable choice of reagents and conditions. Danil de Namor and coworkers^^, 
emphasised the need of exploring the use of phase transfer catalysts for the stepwise 
functionalisation of parent calixarenes, by using stoichiometi ic quantities of reactants
1 0 -
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and a series of derivatives were synthesised by her group using 18-crown-6 as a phase 
transfer catalyst.
1.2.2 Upper rim functionalisation.
The removal of p-tert-but^X gi'oups by the AICI3 catalyzed Friedel-Crafts reaction 
from the parent /?-rcr/-butylcalix[4]arene leads to the corresponding calixarene in 
which the /-butyl groups have been replaced by hydrogen atoms.^^’^® This possibility 
has made these compounds attractive starting materials for the preparation of various 
/ 7<3m-substituted calixaienes. A variety of procedures and conditions have been 
explored to synthesize upper rim functionalised derivatives. These procedures 
include:
(i) Electrophilic substitution, bromination^^’"^®, nitration'^ '^^ ,^ sulphonation^’, 
chorosulphonation'*'^, formylation'^^’'^ ,^ etc. These are illustrated in Scheme 1.3
(ii) Claisen rearrangement of O-allyl to />-alkylcalixarenes^^’'^ .^
(iii) The use of the Manich reaction involving dialkyl amines'^ *^'^ .^
RHAlCI.
Toluene
OH OHOH
R
^  i) Nitration: - NO2
ii) Sulphonation: -SO3H
iii) Chlorosulphonation: -SO2CI
iv) Formylation: -CHO
v) Claisen: -CH2CH=CH2
V  iii) Manich reaction: -CH2NR2
Scheme 1.3 Procedures used for the synthesis of upper rim functionalised 
calixarenes.
-11 -
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Having described briefly the procedures used for the synthesis of lower and upper rim 
functionalised calixarenes, the following section describes some of the physico­
chemical properties of these macrocycles.
1.2.3 Physical and spectral properties of parent calixarenes.
1.2.3.1 Melting point.
An initial observation made by Zinke*^ was that calixarenes obtained from the 
condensation of p-fer^-butylphenol and formaldehyde have very high melting points 
(more than 300 °C). In fact the melting point of/?-?er^-butylcalix[4]arene is about 342- 
344 °C, while /7-/er^-butylcalix[6]arene melts at 380-381 °C and p-terU 
butylcalix[8]arene at 411-412 °C. These melting points are mainly attributed to 
hydrogen bond formation between the phenolic OH groups at the lower rim which 
increases from the cyclic tetramer to the octamer.
Lower rim functionalised calixarene derivatives generally melt at lower temperature 
than the corresponding parent compounds^® such is the case of the tetraethyl-p-^er^- 
butylcalix[4]arene tetraethanoate^® (154-155 °C), tetramethyl-/?-^er^butylcalix[4]arene 
tetraketone^®, (204-207 ®C). It has also been reported that substituents at the para 
position can produce a pronounced effect on their melting points. Such is the case for 
calixarenes prepared from phenol groups carrying linear aliphatic chains at the para 
position (from n-octyl to n-octadecyl) which exhibit relatively low melting points.^ ^ 
Bohmer and coworkers^^ have reported the effect of structural differences on the 
melting points of some calixarenes. Thus derivatives carrying methyl, tert-h\xty\ 
phenyl and carboethoxy groups at the para position in different arrangements around 
the upper rim of the macrocyclic structure show melting points of 185, 190 and 368 
°C respectively.
- 12-
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I.2.3.2 Solubility
Solution studies require knowledge of the solubility of the macrocycles in the various 
solvents. It has been often mentioned that lower rim calixarene derivatives are 
characterised by their low solubility in most solvents. This characteristic property has 
caught Zinke’s attention and prevented him from obtaining a satisfactory compound. 
Quantitative data on the solubility, S, of p-fer?-butylcalix[n]arenes (n=4, 6, 8) in 
various solvents at 298.15 K have been reported by Danil de Namor and co- 
workers.^^’^ '^  These data (Table 1.1) were used to derive the standard Gibbs energies 
of solution, as shown in eq. 1.1
AsG‘^ = - R T l n S  (1.1)
In this equation R, T and S denote the gas constant (8.31 J K'^moT^), the absolute 
temperature in K and the solubility (mol dm'^) respectively.
Taking acetonitrile as the reference solvent, the standard transfer Gibbs energies AtG°, 
ofp-^er^-butylcalix[n]arenes, Calix[n], (n=4, 6 , 8) to other solvents were calculated as 
shown in eq. 1.2 .
AtG°(Calix[n])(MeCN-^s) = AsG°(Calix[n])(s) - AsG°(Calix[n])(MeCN) (1.2) 
These data are referred to the process shown in eq. 1.3.
Calix[n](MeCN) Calix[n](s) (1.3)
Representative data are listed in Table 1.1.
From these data, the authors have concluded that in most cases p-tert~ 
butylcalix[8]arene is less soluble than /?-rer/-butylcalix[4]arene. This finding was
-13 -
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mainly attributed to intramolecular hydrogen bonding at the phenolic OH groups of 
the lower rim of the macrocycle, which appear to be more intensive in the octamer 
where the ‘pleated loop’ conformation adopted by its phenol units shorten the 
distances between the OH groups '^ .^
Table 1.1. Solubilities and standard Gibbs energies of solution of p-tert- 
butylcalix [n] arenes (n= 4,6,8) in various solvents at 298.15 K. Derived 
transfer Gibbs energies®^’®** from acetonitrile.
p-tert- butylcalix[4]arene
Solvent* Solubility/ mol dm^ AsGVkJmol* AtG® /kJ mol * 
(M eC N ^s)
MeOH 5.90x10"* 18.43 -6.26
EtOH 3.30x10"* 19.87 -4.82
DMF 1.1 0 x 10"* 16.89 -7.80
MeCN 4.73 xlO'^ 24.69 0.0
Hex 2 .1 2 x 10"* 20.97 -3.72
CHCI3 4.34 xlO'^ 13.48 -11.21
PhCN 9.47 xlO"* 17.26 -7.43
PhN02 1.83x10'^ 9.92 
p-tert- butylcalix[6 ] arene
-14.77
Solvent* Solubility/mol dm A sG V kJm oP AtG® /kJ mol* 
(PhCN*>s)
PhCN 5.55 xlO'^ 12.88 0.00
PhNOz 2.26x10'^ 9.40 
p-tert" butylcalix [8] arene
-3.48
Solvent* Solubility/mol dm AsG7kJmol* AtG® /kJ mol* 
(MeCN->s)
MeOH < 10 '^ - -
EtOH < 10 ’^ - -
DMF 2.20  xlO"^ 15.17 -12.09
MeCN 1.68 xlO'^ 27.26 0.0
Hex 2.51 xlO'^ 26.26 -1.00
CHCI3 6.23 xlO'^ 12.59 -14.67
PhCN 1.14x10'^ 11.09 -16.17
PhNOa 2.57 xlO'^ 14.78 -12.48
* Abbreviations used for the solvents are: methanol, MeOH; ethanol, EtOH; N, N- 
dimethylformamide, DMF; acetonitrile, MeCN; hexane. Hex; chloroform, CHCI3; 
benzonitrile, PhCN; and nitrobenzene, PhNOi
14-
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1.2,4 Spectroscopic studies.
1.2.4.1 *H NMR Studies
The *H NMR spectrum of p-^er/-butylcalix[4]arene shows three singlets arising from 
the resonance of the aromatic, tert-\mty\ and the hydroxyl protons and a pair of 
doublets corresponding to the bridging methylene protons with a coupling constant of 
12-14 Hz. Ungaro and co-workers^^ have assigned the high field doublet to the 
equatorial protons close to the aromatic ring and the low field doublet to the axial 
protons close to the phenolic oxygens.
From *H NMR measurements, the conformation of calixarene derivatives in solution 
can be derived. Previous studies demonstrated that all calixarenes containing free OH 
gi’oups are conformationaly mobile in solution at room temperature’ ’^^** and the degree 
of mobility from one ring system to another was determined. Calix[4]arenes have 
been subjected to intensive studies related to their conformational behaviour as a 
result of the orientation of the />-/er/-butylphenol groups. Thus Comforth and co- 
workers^^ pointed out tlie existence of four main ‘up-down’ conformations for 
calix[4]arene, which later on were named by Gutsche and co-workers^^ as ^cone" (all 
up), ‘partial cone" (three up and one down), ‘1,2 alternate cone" (two up and two 
down), and ‘1,3 alternate cone" (two up and two down), These are illustrated in Fig
1.9
The pattern of the resonance of the non-equivalent bridging methylene protons in the 
’H NMR spectrum has provided an invaluable way for:
i) Examining different conformational behaviour.
ii) Measuring the rate of conformation interconversion of calixarenes^^
A summary of the conformational structures and their effects on the ’H NMR 
chemical shifts and coupling constants are given in Table 1.2
15 -
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The number of conformational mobility changes of calixarenes could be minimised or 
frozen either by the introduction of different groups in /?ara-position or by an 
appropriate functional group at the lower rim^^
Cone
OH
HO HO HO
Partial Cone
1,3 Alternate Cone 1,2 Alternate Cone
Fig. 1.9 The four basic conformations of p-^er/-butylcalix[4]arene
Table 1.2 H NMR spectral patterns for the conformers of calix[4]arenes60
Conformation A r H A r - C H i - A r C (C H 3 )3
Cone One singlet One pair of doublets 
(J= 12 Hz)
One singlet
Partial cone Two singlets 
and two doublets
Two pair of doublets 
(J= 12 Hz)
Three singlets 
(ratio 1:2 :1)
1,2 alternate 
cone
Two singlets One singlet and two 
doublets (J= 12 Hz)
One singlet
1,3 alternate 
cone
One singlet One singlet 
-1 6 -
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1.4.2.2 Spectophotometric (UV) studies
The principal absorption bands of the linear as well as the cyclic oligomers appear in 
the ultraviolet region at 280 and 288 nm. For the cyclic oligomers, the ratio intensity 
of these peaks is a function of the ring size. However, the absorption maxima were 
found to be solvent dependent*^. The maximum molar absorptivity (cm‘* moF* dm^) 
of calix[n]arenes (n=4-8) in the various solvents at 280 and 288 nm are summarised in 
Table 1.3.
Ultraviolet measurements were used to investigate the interactions of parent 
unmodified calixarenes and amines in acetonitrile by observing the proton transfer 
from the guest to the host which displays a major peak at 290 nm and a shoulder at 
310 nm ascribed to the formation of the calixarene monoanion^"^.
Table 1.3 Maximum molar absorptivity of calix[n]arenes (n=4-8) at 280 and 288 
nm^*
C om pound Solvent £max/cm‘‘m or’ dm^ E,„ox/cm‘‘m o r‘ dm^
X=280 nm X=288 nm
/?-?er^-Calix[4]arene CHCI3 9800 7700
/?-^er/-Calix[5]arene Dioxane 14030 14380
/?-^€r/-Calix[6]arene CHCI3 15500 17040
j9“/er/“Calix[7 ]arene CHCI3 18200 20900
p-^er^-Calix[8] arene CHCI3 23100 32000
1.3 Complexation of parent calixarenes.
1.3.1 Complexation of parent calixarenes with neutral species.
Most calixarenes form crystalline complexes with a variety of neutral species. Thus p- 
/er^“butylcalix[4]arene is able to interact with chloroform, benzene, toluene, xylene 
and acetonitrile. p-/ert-Butylcalix[6]arene forms complexes with methanol and
17
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chloroform while the interaction of /?-ter/-butylcalix[8]arene with chloroform has 
been reported^’. The e«t/o-calix nature of the complexes formed between p-tert~ 
butylcalix[4]arene and toluene was investigated by X-ray crystallographic studies^*. 
These studies show that toluene is well contained in the centre of the hydrophobic 
cavity of p-ter^butylcalix[4]arene. The factors governing the tight complexation of 
neutral species with calixarenes are dependent on the size of the macrocycle, its 
conformation and the nature of the pora-substituent^^. The host property of the cyclic 
octamer for chloroform is relatively weak since dissociation occurs upon standing for 
a few minutes at room temperature. However the stability of adducts formed between 
the cyclic tetramer or hexamer with chloroform is rather high even at high 
temperature and reduced pressure^®.
Danil de Namor and coworkers^^’^ ’^^  ^ carried out electrochemical and thermodynamic 
investigations on the interaction of /?-^er^-butylcalix[n]arenes (n=4, 6 , 8) and amines 
in benzonitrile and nitrobenzene at 298.15 K. These studies demonstrated that.
i) The presence of ^ -^er^-butylcalixarene in the organic phase favoured the 
extraction of amines from the aqueous to the organic phase.
ii) The main contribution to the extraction process results from ion-pair 
formation between the calixarene anion and the protonated amine in the 
organic phase.
1.3.2 Complexation of parent calixarenes with cations.
Izatt and coworkers^'^’^  ^ reported the first solution studies on cation complexation of 
parent calixarenes. These authors concluded that calixarenes are not effective cation 
carriers in neutral solution. However, they possess significant transport abilities for 
alkali-metal cations in phase transfer processes from an alkaline aqueous phase to a 
nonaqueous phase such as chloroform. The latter solvent is often used as 
representative for the membrane due to its low dielectric constant. Although p-tert- 
butylcalix[n]arene (n=4, 6 , 8) ligands transport Cs"^  selectively over other alkali-metal 
cations with a selectivity increase in the order; Calix[4]> Calix[6]> Calix[8], the
- 1 8
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largest Cs"*" flux found for /?-ter?-butylcalix[8]arene may result from the possibility 
that the cyclic octamer may bind two cations. These findings led to the conclusion 
that the macrocyclic ring must play a crucial role in the interaction with metal cations 
since no efficient extraction was achieved with the monomer (p-fer^-butylphenol). 
The studies by Izatt and co-workers^"^’^  ^ indicated that calixarenes possess useful 
features as ion carriers due to their potential for allowing the coupling of cation 
transport with the reverse flux of protons. Harrowfield and co-workers have 
described the synthesis of metal-ion complexes of parent calixarenes with enhanced 
solubility in organic solvents. Under carefully controlled reaction conditions in 
methyl formamide, the same authors*^  ^ were able to isolate Eu^ "^  and C^'^-p-tert- 
butylcalix[8]arene complexes of 1:1 metahligand stoichiometry. NMR 
spectroscopy suggested that in solution, the Eu^ "*" complex is both less flexible and 
more stable than the Ca^ "^  complex. At a later stage, using dimethyl sulphoxide as the 
solvent, the same authors^^ synthesised the 2:1 Th"^^-p-?er^-butylcalix[8]arene 
complex.
1.3.3 Complexation of lower rim functionalised calixarenes with metal cations.
Several groups have extensively studied the interactions of lower rim functionalised 
calixarenes with different ionic guests. McKervey and coworkers^ ®*®^  have reported 
that both, calixarene esters and ketones prefer to interact with alkali-metal cations 
rather than with alkaline-earth metal cations. But it has been recently demonstrated by 
Danil de Namor and coworkers®^’^® that depending on the medium, these are able to 
interact strongly not only with alkali but also with alkaline-earth and heavy metal 
cations.
The ion selectivity of these macrocycles depends on the ling size and the 
conformation of p-fcr^-butylcalix[4]arene esters and ketones. In their cone 
confoimation, these ligands show a preference for Na"^ , while the p-tert- 
butylcalix[4]arene ester in the partial cone conformation and the fully substituted p- 
^e^^-butylcalix[6]arene ester displayed a higher selectivity towards K*^  relative to Na*** 
in benzonitrile at 298.15
- 19-
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Danil de Namor and coworkers^ ^ have reported thermodynamic parameters of 
complexation of ethyl p-fer/-butylcalix[4]arene tetraethanoate and alkali-metal cations 
in methanol and acetonitrile at 298.15 K using the calorimetric technique. The 
solution enthalpies of the ligand in methanol and in acetonitrile and NMR 
measurements suggested that acetonitrile interacts with the hydrophobic cavity of the 
ligand and, as a result, the hydrophilic cavity is better preorganised to interact with 
metal cations. Later on, the same authors^^ reported thermodynamic data derived from 
titration microcalorimetry for the complexation involving the same calix[4]arene ester 
and alkali-metal cations (L r, Na^ and K^) in benzonitrile at 298.15 K (Table 1.5). 
Solution enthalpies of alkyl (methyl, ethyl, n-butyl) p-tert -butylcalix[4]arene 
tetraethanoate in acetonitrile (MeCN) and in benzonitrile (PhCN) at 298.15 K are 
summarised in Table 1.5. The results show that these ligands are enthalpically more 
stable in benzonitiile than in acetonitiile and suggest that solvent-ligand interactions 
are stronger with the former relative to the latter solvent.
Table 1.5 Solution enthalpies of alkyl /;-terr-butylcalix[4]arene tetraethanoate in 
acetonitrile and benzonitrile at 298.15 K \
Calixl4] arene esters® AsH7 kJ mol^ AtH7 kJ mol^
Acetonitrile Benzonitrile (MeCN“>PhCN)
MeCalix[4] 25.03 17.51 -7.52
EtCalix[4] 22.67 14.03 -8.64
n-BuCalix[4] 20.80 12.20 -8.60
® MeCalix[4], EtCalix[4], n-BuCalix[4] denote methyl, ethyl and n-butyl p- 
rer^-butylcalix[4]arene tetraethanoate respectively. MeCN and PhCN denote 
acetonitiile and benzonitrile respectively.
Cox and Schneider^ as well as Danil de Namor and coworkers^^ have emphasised that 
UV spectrophotometry is unsuitable for the determination of the stability constants of 
highly stable complexes. Therefore and due to the lack of complexation of
- 2 0
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calix[4]arene esters which silver ions in acetonitrile and in benzonitrile, Danil de
Namor et using silver electrodes developed a “double competition potentiometric
method” involving cryptands and a series of /?-^er^-butylcalix[4]arene esters. This 
method was used for the first time for the determination of the stability constants of 
highly stable complexes of alkyl (methyl, ethyl and n-butyl) /?-^er^-butylcalix[4]arene 
tetraethanoates and alkali-metal cations in acetonitrile and benzonitrile at 298.15 K. 
This method consists of three equilibria steps which are described as follows.
i) Complexation of the silver cation by cryptand 222 (Cry) (eq. 1.4)
ii) Competition between the silver cryptate and the cation (eq. 1.5)
iii) Reaction between the metal-ion cryptate (M^Ciy) and the relevant 
calix[4]arene ester (R Calix) (eq 1.6). Combination of eqs. 1.4, 1.5 and 
1.6 leads to the stability constant of the metal-ion calixarene complex 
(M+Calix) (eq. 1.7).
Ag'^{s) + Cry{s)—^^A g '^C ry(s)  (1.4)
Ag^Cry{s) + M+ - ^ M ^ C r y { s )  + Ag^ (s) (1.5)
M^Cry{s) + RCalix{s) RCalix{s) + Cry{s) (1.6)
M+ {s) + RCalix{s)—^ M * R C a lix { s )  (1.7)
The results reported in Table 1.6 show that as the electron-donating effect of the 
ligand increases in moving from methyl to ethyl and n-butyl calix[4]arene ester, their 
interaction with metal cations increases. As far as the solvent is concerned, stability 
constants shown in Table 1.6 indicate that in both solvents, acetonitrile and 
benzonitrile, the same selectivity pattern is observed in the complexation of these 
ligands and alkali-metal cations. Substitution of the methyl by the ethyl group in the 
calix[4]arene ester increases the ligand selectivity towards Na^ over other alkali-metal 
cations. It was also concluded that in both solvents, the stability of complex formation 
is enthalpically controlled and the entropies of complexation AcS° reflect marked 
differences between the solvation of the ligands relative to their metal-ion complexes.
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Table 1.6 Thermodynamic param eters for the complexation of alkali-metal 
cations and alkyl (methyl, ethyl, n-butyl) /»-rer^-butylcalix[4]arene 
tetraethanoate in acetonitrile and benzonitrile at 298.15
IVT log Ks AcG7 AcH7 A«S7
kJ mol^ k J  mol^ J  K'^mol'^
Methyl p-tert -butylcalix [4] arene tetraethanoate 
Acetonitrile
L f 5.61 -32.02 -37.80 -19.7
Na’" 6.97 -39.79 -63,00 -77.8
r 4.01 -22.89 -40.63 -59.4
Rb'" 2.25 -12.84 -9.89 -9.9
Benzonitrile
LÎ+ 5.45 -31.11 -47.02® -53.4
5.29® -30.08® -56.8®
Na'" 6.78 -38.70 -41.08® -8.0
5.51® -31.45® -32.3®
K" 2.70® -15.41® -21.34® -19.9®
Ethyl p-tert -butylcalix[4]arene tetraethanoate
Acetonitrile
L f 6.20 -35.39 -48.78 -44.9
Na+ 7.68 -43.81 -69.20 -85.1
iC 4.04 -23.06 -45.75 -76.1
Rh" 2.05 -11.70 -23.34 -39.0
Benzonitrile
Li+ 5.49 -31.34 -57.20 -86.7
Na+ 7.57 -43.81 -50.70 -24.9
3.51 -20.04 -23.21 -10.6
n-Butyl -butylcalix [4] arene tetraethanoate
Acetonitrile
L f 6.21 -35.45 -46.30 -36.4
Na+ 7.67 -43.78 -67.80 -80.6
K+ 2.05 -11.67 -26.91 -51.0
Benzonitrile
L f 6.09 -34.76 -56.70 -73.6
Na"" 7.44 -42.47 -50.70 -27.6
K" 3.48 -19.86 -24.30 -14.9
® Results obtained from titration microcalorimetry^^
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With the aim of gaming further understanding of the complexation of alkali (methyl, 
ethyl and n-butyl) p-^er/-butylcalix[4]arene esters and alkali-metal cations in 
acetonitrile and benzonitrile at 298.15 K, solution thermodynamic of the host, the 
guest and the resulting complex were investigated by Danil de Namor and 
coworkers.^^ The extensive solvation of ethyl /?-/er^-butylcalix[4]arene tetraethanoate 
in benzonitrile made it difficult to obtain the standard Gibbs energy of this ligand in 
this solvent. Thus it was concluded that benzonitrile is a better solvating medium for 
this ligand than acetonitrile. According to Danil de Namor interpretation
based solely on Gibbs energy data can be misleading and therefore these authors 
carried out calorimetric measurements, to derive enthalpy and consequently, entropy 
data for these systems.
Since the factors contributing to the thermodynamic of complexation of calixarene 
esters and alkali-metal cation in acetonitrile, methanol and benzonitrile have been 
widely investigated, these are the systems to be mentioned. Thus eq. 1.8 was used to 
assess the medium effect on the complexation of calixarene derivatives and metal 
cations.
A cP ° ( S 2 ) -  A cP ° ( s i )  =
AtP*'(MLl(si-^S2)- AtPW)(si-^S2)- AtP”(L)(si-»S2) (1.8)
This is better illustrated in the following thermodynamic cycle^^’^^ .
M+(si) + L\(s,)
AtP" A,P'
M*(S2) +  L(S2)
■» M+L(si)
At?"
■> M+L(S2)
(1.9)
23
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In eqs. 1.8 and 1.9 AtP“ = AtG°, AtH® and AtS° refers to the transfer thermodynamic 
parameters of the metal-cation, (M^) the ligand, (L) and the metal-ion complex, (M^L) 
from a reference solvent, si, to another solvent, S2.
Transfer thermodynamic data were obtained from the corresponding data for the 
solution process, AgP° in the relevant solvents (si and S2) involving the ligand (eq. 
1.10) the free (eq. 1.11) and the complex metal cation (eq. 1.12) salts.
A,P°(L)(si"^S2) = AsP“(L)(s2)- AsP°(L)(s2) (1.10)
AtP°(M+ + X-)(si-^S2) = AgP°(M+ + X ) ( S 2) -  AgP"(M+ + X')(si) (1.11)
Af°(ML+ + X)(si->S2) = AgP°(ML+ + X')(s2)- A,P°(ML+ + X')(si) (1.12)
In the case of electrolytes, cation and anion contributions are involved. Therefore 
single-ion values were calculated through the use of the Pl^AsPlMB convention^^. 
Thus,
AtP‘’(M'")(si->S2) = A tP W  + X')(si -^ 82) - AtP°(X*)(si->S2) (1.13)
A,P°(ML+)(8|->S2) = A,P°(ML* + X-)(S1 ^ 82) - A,P°(X-)(s,->S2) (1.14)
However eq. 1.8 is independent of any extra-thermodynamic convention since the 
anion contribution is cancelled out. A representative example of the medium effect on 
the complexation of Na^ and p-^er^-butylcalix[4] arene tetraethanoate is given in Table 
1.7.
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Introduction
The medium effect on the complexation of calixarene derivatives and metal cations 
has been mainly assessed in terms of enthalpy given that a great deal of ancillary 
information is required for the calculation of Gibbs energies. Data of enthalpy of 
transfer for the complex and free electrolytes (Na’^ EtCalix[4]C10 4 and Na'^ClO 4) 
from MeCN to MeOH and PhCN was found positive, indicating that these sodium 
electrolyte salts are enthalpically more stable in MeCN than in the other two solvents 
under investigation. As far as EtCalix[4] is concerned, the negative enthalpy transfer 
value found for PhCN, indicates that the ligand is entlialpically more stable in this 
solvent than in MeCN and MeOH. The value for the transfer enthalpy of the metal-ion 
complex from acetonitrile to methanol and benzonitrile indicates that the complex is 
enthalpically more stable in acetonitrile. Therefore taking account eq. 1.9 it follows 
that the stronger interaction of the complex with acetonitrile is the main factor 
involving the more favourable of complexation of sodium and EtCalix[4] in MeCN 
than in PhCN.
In order to (i) check the accuracy of the solution thermodynamic data and (ii) to gain 
information about cation-anion interaction in the solid state. Danil de Namor and 
coworkers^^ calculated the enthalpy referred to the process, AcoordH° where the 
reactants and the product are in the solid, (sol) state^ by the use of the following 
thermodynamic cycle (eq. 1.15).
M C104(so1) + EtCalix[4](sol) ----------------  > M^EtCalix[4 ]C104(sol)
AgH° AgH° (1.15)
M+(s)+C104'(s) +EtCalix[4](s) ---- ^ ---- > M‘"EtCalix[4 ](s)+C104*(s)
Since for a given metal-ion salt and a given ligand, the thermodynamics data refened 
to the solid state should be the same, independently of the solvent from which these 
data are derived, the calculation of AcoordH® offers a suitable means of checking the 
accuracy of the complexation and solution data in two solvents, (Table 1.8).
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The results show good agreement between the AcoordH” (kJ moT^) values derived from 
two solvents and confirm the accuracy of the enthalpy data for the complexation and 
solution processes involved.
Thermodynamic studies on the interaction of the ethyl /?-/cr/-butylcalix[6] arene ester 
with alkali-metal cations in benzonitrile at 298.15 K have been reported by Danil de 
Namor and coworkers^®. This ligand shows selectivity for the potassium over other 
alkali-metal cations. The standard Gibbs energy of complexation derived from 
titration microcalorimetry was found to be enthalpically controlled. The highest 
enthalpic stability was found for potassium as shown in Table 1.9.
Table 1.9 Thermodynamic param eters for the complexation of alkali-metal 
cations and ethyl jt>-tert-butylcalix[6]arene hexaethanoate in
benzonitrile at 298.15
M'^ logK s AcGVkJ mol'* AcHVkJ moF^ AcSVJ mol
L f 4.37 -24.95 -21.04 13
Na"' 5.31 -30.31 -29.17 4
K+ 6.14 -35.05 -47.63 -42
Rb+ 4.77 -27.23 -29.66 -8
1.3.4 Complexation of calixarenes with bivalent cations.
Complexes of />-^er/-butylcalix[4]arene tetradiethyl acetamide, with Fe% N i^\
Zn^ "*" and Pb^ "*" metal cations were synthesised by Ogden and coworkers^^. The X-ray 
structure of the lead(II) complex shows that the cation interacts with eight 
coordination sites of the ligand while nickel(II), copper(II) and zinc(II) complexes are
- 2 8 -
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strongly coordinated to four oxygen atoms. Roundhilf^ reported ligands containing 
sulphur donor atoms in the pendent arms of the lower rim. Representative examples 
are methylthioethoxy and N,N- demethyldithiocarbamoylethoxy calix[4]arene 
derivatives able to interact with Pb^ '*', Cd^^, Hg^^, Pd^^, Ag"^  and Au^”^. These ligands 
are able to extract selectively gold, silver, palladium and mercury over lead and 
cadmium.
Complexation studies involving bivalent cations and lower rim calixarene derivatives 
bearing substituents with hard donor atoms as tetramethylketone and tetraethylester 
calix[4]arene derivatives in acetonitrile were reported by Danil de Namor and 
coworkers^^. In this work the role of acetonitrile in the complexation process in 
solution was demonstrated. This was in accord with X-ray crystallographic studies in 
which, a molecule of acetonitrile was found to be encapsulated in the hydrophobic 
cavity of the ligand. Danil de Namor et. al.^^ also reported the crystal structure of the 
lead and cadmium complexes of the tetraethylester and the tetramethylketone-/?-^er/- 
butylcalix[4]arene. The structure of lead(II) complex of the tetraethyl calix[4]arene 
ester revealed that this cation is coordinated with eight oxygen atoms (Fig. 1.10). 
However an interesting feature of this work was shown in the cadmium complex, 
which, in contrast to most other /?-fer^-butylcalix[4]arene complexes, die solvent 
molecule is found with the CN end pointing inward to form a Cd-N bond^^. The 
orientation of the CH3CN in the cadmium complex is opposite to that shown in the 
lead complex. In addition, the same authors^^ reported the thermodynamic parameters 
of complexation of bivalent metal cations with these two ligands in acetonitrile at 
298.15 K and these are shown in Table 1.10. Stability constant data reflect that these 
ligands appear to be more selective for calcium and lead over other bivalent cations.
- 29-
Introduction
Table 1,10 Thermodynamic parameters for the complexation of bivalent-metal 
cations with tetramethylketone and tetraethylester p-tert-
butylcalix [4] arene in acetonitrile at 298.15
logKs AcG®/ AcH7 AcS7
kJ mol'^ kJ mol^ J K^mol^
Tetramethylketone p-tert -butylcalix 14] arene
3.33 -19.01 48.10 225
12.16 -69.41 -65.30 14
7.90 -45.10 -49.80 -16
Ba^ -" 5.14 -29.34 -36.90 -25
9.30 -53.09 -62.70 -32
Cd '^" 6.60 -37.67 -22.70 50
5.90 -33.68 -32.30 5
Tetraethylester p-tert -butylcalix[4] arene
Ca^ + 8.15 -46.23 -53.80 -25
5.35 -30.48 -37.60 -24
Ba^^ 4.34 -24.80 -29.60 -16
Pb^+ 7.39 -42.18 -59.70 -59
Cd^^ 4.08 -23.29 -22.40 3
Hg^+ 3.69 -21.01 -21.10 -0.3
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Fig. 1.10; Side view of the tetraethylester calix[4]arene*^^ complex with lead(II) and 
acetonitrile (perchlorate as counter-ion).
In an attempt to explain these data, these authors correlated the Gibbs energies and 
enthalpies of complexation with corresponding data for the hydration of the 
appropriate cations. This correlation is shown in terms of Gibbs energies in Fig. 1.11.
To justify the use AhG° and AhH° values the following statements were made. The 
AtG° values for bivalent cations from water to acetonitrile are relatively small in 
comparison to the AhG° values (i.e.for Cd^’*’, AtG°= 43.2 and AhG° = -1801 kJ mol*y^. 
Therefore, the relative sequence for cations in water is maintained in acetonitrile, but
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makes the AsoivG° for the cation in the latter solvent slightly more positive than in 
water. The results show that the two processes, binding and desolvation energies 
partially compensate each other. Thus in going from Ba^^ to Ca^ ,^ the ligand binding 
energy is overcome by the energy required for cation desolvation. A maximum 
stability peak was obtained for Ca^^, afterwhich the binding energy is not enough to 
overcome that of the desolvation process and consequently the stability decreases. 
The interesting feature arising from this plot is that the Gibbs energies of 
complexation for tetramethylketone-p-fer?-butylcalix[4]arene with bivalent cations is 
more favourable than that for the tetraethylester-p-^er^-butylcalix[4]arene. Therefore, 
more stable complexes are formed with the former ligand relative to latter with the 
same cations in acetonitiile at 298.15 K.
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Fig. 1.11 Plot of AcG” values for the tetraethylester and the tetramethylketone-p-^er^- 
butylcali[4]arene in acetonitrile against AhG° of bivalent metal cations.
A plot of AcH° against of AhH® for the same system is shown in Fig 1.12. The analysis 
in terms of enthalpies show a similar pattern to that shown for the correlation in teims 
of the standard Gibbs energies with the exception of the lead complex with the
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tetraethylester-/?-/er/-butylcalix[4]arene, which is more exothermic than the calcium 
complex with the same ligand in this solvent at 298.15 K.
-2000 -1800 -1600 -1400 -1200
#  Mg:
20
-20
-40
-60Pb
-80
Fig. 1.12 Plot of AcH° values for the tetraethylester and the tetramethylketone-p-/er^- 
butylcalix[4]arene in acetonitrile against AhH° of bivalent metal cations.
Having discussed briefly some aspects of calixarene chemistry, the applications of 
these ligands are discussed next.
1.4 Calixarenes- Uses.
The recognition that calixarenes are able to form inclusion complexes with metal 
cations and their properties as molecular receptors or enzyme models in derivatives 
with ligating functional groups led to the application of this group of macrocyclic 
compounds in different areas of chemistry including the industrial field. In the 
following section, the use of these compounds for (i) the recovery of caesium and 
uranium, (ii) the production of ion selective electrodes, (iii) the separation and 
purification of neutral species are discussed.
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1.4.1 Recovery of caesium
The recovery of high concentration of caesium from solutions of nuclear waste 
materials has been achieved by Izatt and coworkers^^ using a non-modified p-tert- 
butylcalix[8]arene (ImM) dissolved in a mixture of dichloromethane and carbon 
tetrachloride. This mixture acts as a liquid membrane allowing caesium ions to 
migrate from the aqueous phase (containing different metal ions as products of 
uranium splitting) through the organic phase and then to the distilled and deionised 
water phase (Fig. 1.13). As indicated in Table 1.11, the transport rate of Cs^ was 
about hundred times higher than that for N a \ and Li^ and six times higher than 
Rb^ using aqueous metal hydroxides^'*’*^ .^ As far as the alkaline-earth metal cations are 
concerned again the rate of transport for Cs"*" is about 260 and 1300 times higher than 
that for Ca^  ^and Sr^  ^respectively.
Table 1.11. Ion transport rate through a liquid membrane containing p- 
tert- butylcalix[8]arene at 298.15
Source phase Transport rate* 10^  
(moles/24 h)
LiOH 0.9
NaOH 1.5
KOH 1.7
RbOH 22
CsOH 130
Ca(OH)2 0.5
Sr(OH)2 0.1
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Fig. 1.13 Schematic representation of the apparatus used for the recovery of caesium 
using calixarenes
1.4.2 Recovery of uranium.
The recovery of uranium from aqueous solutions by suitably modified calixarenes 
was described in several patents^^. However the “super uranophile” hexaacid 
calix[6]arene introduced by Shinkai and coworkers®*  ^was the most effective derivative 
used to extract uranium from seawater. Thus at pH=10.0, 99.8% of uranium was 
extracted from the aqueous phase to dichlorobenzene in the presence of this 
macrocycle. The high extractability was attributed to the pre-organised hexa- 
coordination geometry provided by the calix[6]arene to accommodate the uranyl ion 
selectively.
Most of the recent work in this field has been reported by Shinkai et The 
calixarene derivative shown in Fig. 1.14 was obtained by treating p~
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(chlorosulfonyl)calix[6]arene with polyethyleneimine which resulted in the formation 
of gel-like hexamer derivatives immobilised in a polymer framework.
0 =
OH OH
Fig. 1.14 Structure of Shinkai’s calixarene derivative used for the selective
extraction of uranium^*.
1.4.3 Ion selective electrodes.
Lipophilic calix[4]arenes containing carbonyl gim ps have been used as polymeric 
membranes in ion-selective electrodes for the sodium cation® ,^ in an attempt to 
overcome the difficulties encountered with the use of the sodium glass electrode for 
clinical purposes^^.
Recent studies using membranes containing calix[4]arene tetrathioamide (Fig. 1.15) 
demonstrated a higher selectivity for lead relative to other metal cations to the extent 
that these systems appear to be far more efficient than the commercial-solid-state lead 
selective electrode*" .^
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Fig. 1.15 Structure of calix[4]arene thioamide, ionophore used for the design of 
a lead ion selective electrode.
In addition calix[4]arene derivatives containing oxygen, nitrogen and sulphur in their 
pendant arms have been prepared and used as ion selective electrodes for metal 
cations such as silver^^(Fig. 1.16a), mercury^^Fig. 1.16b), cadmium, lead and copper
(II)87-91
H O OH
(a) (b)
Fig. 1.16 Structure of calixarene derivatives used in ion selective electrodes (a) for 
silver and (b) mercury.
Furthermore polymeric membrane electrodes based on calixarene esters were 
developed successfully with prominent selective properties for the determination of 
aldehydes such as heptanal at very low concentrations. This selective electrode system
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demonstrated a high degree of discriminating behaviour towards different 
aldehydes.^^
1.4.4 Separation and purification of neutral species
The ability of calixarenes to interact with neutral species due to the hosting properties 
of the hydrophobic cavity has motivated their use for separation purposes. Perrin and 
coworkers^^ have shown that /?-isopropylcalix[4]arene is selective for p-xylene while 
/?-isopropyl-bishomooxacalix[4]arene is selective for o-xylene. Based on these 
findings, these authors proceeded with the separation of these isomers using these 
macrocycles. Shinkai et al?^ have designed calix[6]arene derivatives with 
(arylamino)alkyl moieties (Fig. 1.17a and 1.17b) at the upper rim for the inclusion of 
fullerene (Ceo). Complexation studies of these ligands showed that macrocyclic b has 
a higher affinity for fullerene than a. This was attributed to both, the stronger donating 
ability and the higher pre-organization of the m-phenyldyamine groups in b relative to 
a.
Q
^12^25
H X OH
OH X OH
Fig. 1.17 Upper rim calix[6]arene derivatives selective for fullerenes
Atwood et a lP  have reported the complexation of p-benzylcalix[5]arene and Geo in 
toluene. Thus using a high precision densitometer, the changes in partial molar
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volumes on complexation were measured. The authors concluded that the interaction 
of this ligand with Ceo leads to the release of two molecules of toluene from the 
cavity.
1.5 Phase transfer extraction.
Calixarenes have been often used as extracting agents for metal cations. The 
calixarene to be selected depends on the metal-ion to be targeted. For transition and 
lanthanides cations, lower rim derivatives containing nitrogen or oxygen donor atoms 
in their pendant arms are often chosen. For post-transition metal ions, soft donor 
atoms such as phosphorus and sulphur are preferred^ '^*^^
An approach to macrocycle design for metal cation extraction processes is the use of 
a calixarene platform*^^ upon which selective functionalities can be attached. 
Calixarenes are chosen because of their pre-organization and their versatility.
Ethyl ester derivatives of p-tert-\mty\ calix[n]arenes, (n=4 to 8) have been used for the 
extraction of Na"^ , and Cs"^  (as thiocyanates)^®^. This involved the mediated 
extraction of alkali metal-thiocyanates through a bulk liquid dichloromethane in the 
presence of calixarenes. Extraction rates showed that all derivatives, except the 
octamer, are efficient and selective neutral ionophores for alkali-metal cations. The 
most efficient carrier, by far, was the pentamer. The tetra and pentaesters were 
selective for Na"^  and the hexaester for Cs"^ . Yilmaz^®'  ^ reported that a calix[4]arene 
containing sulphonate groups on the lower rim is an efficient extractant for Fe(III) 
cations. Nishida^®  ^using the same ligand, in the 8-10 pH range and in the presence of 
trioctylmethylammonium chloride reported the selective and quantitative extraction of 
Mn(II) metal cations over other metal cations. Talanova et. a/.*®® used 5- 
dimethylamino-1 -napthalene sulfonyl carboxamide calix[4]arene derivatives, (Fig. 
1.18) for the selective extraction of Hg(II) from Pb(II), Ag(I) and Pd(II)^°® metal 
cations fr om an aqueous solution to dichloromethane in the presence of nitric acid.
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H N
0= 8=0
Fig. 1.18 Structure of 5-dimethylamino-l-napthalene sulfonyl carboxamide 
calix[4]arene derivatives used for Hg(II) extraction.
Extraction of metal cations by using calixarene derivatives has been recently carried 
out by Danil de Namor and coworkers^°^‘^ *^ taking into account all the processes 
taking place in the water-organic phase system.^^ The equilibria involved in the 
extraction of 1:1 electrolytes from the water (saturated with the organic phase) to the 
organic media, s (saturated with water), in the presence of ligand L was discussed 
using the following Schemè^*®.
IvfCHaO) + XCHsO) + L(HaO) ML-'CEsO) + XÇH2O)
KpL
ivr(s) 4. X-(s) + L(s)
L(s) -
K'p
U L \ s )  4- X-(s)
t
MLX(s)MX'(s) +
Scheme 1.4; Extraction equilibria for 1:1 electrolytes in water-nonaqueous media.
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In the above Scheme, Kp, K’p and KpL are the partition constants of the free and the 
complex electrolytes and the ligand respectively in the mutually saturated solvents. Ka 
and K’a denote ion-pair formation constants between the free and the complex cation 
with the anion in the water saturated organic phase while Ks(H2 0 ), Ks(s) and Kassn are 
the stability constant of the metal-ion complex in water (saturated with the organic 
phase) and in the organic solvent s (saturated with water) and the association constant 
respectively. It was noted that the parameters in the mutually saturated solvents may 
differ significantly from those in the pure solvents.
Distribution data involving 1:1 electrolytes in water-nonaqueous solvent systems in 
the absence of the macrocycle ligand were used to derive the partition constant, Kp in 
the mutually saturated phases (eq. 1.15) and the ion-pair formation constant, K& (eq. 
1.16) in the water-saturated organic phase. Combination of eqs. 1.15 and 1.16 leads to 
the calculation of the distribution constant, Ka referred to the process defined in eq. 
1.17.
M+(H20) + XXH2O) ---- M+(s) + X*(s) (1.15)
M \ s) + X'(s) ---- MX(s) (1.16)
M \H 20) + XXH2O)  MX(s) (1.17)
Eq. 1.17 implies that ionic species are predominantly in water, while ion-pairs are the 
main spéciations in the water saturated organic phase. The following equation 
previously reported by Danil de Namor et. a l  ^* was used to derive and Kg 
values from distribution data. Dm .
D ^ = = K '^ + K '^ K S M % ,  (1.18)
The process involving ionic species in water (M"^ , X ) and the macrocycle, L, in the 
organic phase, s, to give the fully associated electrolyte in the nonaqueous phase is 
shown in eq. 1.19.
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M^CHzO) H-X'CHzO) +EtCalix[4](s) -------------> M^EtCalix(4)X'(s) (1.19)
The presence of the ligand, L in the nonaqueous phase led to the calculation of the 
extraction constant, Kex for the process defined in eq. 1.19 and the distribution 
constant, Kd (eq. 1.17).
For this purpose the following relationship (eq. 1.20) was used
— ^ (1. 20)](HjO)
It should be noted that the Kd value can then be obtained from two independent 
methods by the use of eqs. 1.17 (Kd=Kg.Kp) and 1.20.
Eq. 1.19 can be expressed in terms of the parameters for the individual processes in 
two ways, (i) The ligand may interact with the metal cation in the water saturated 
organic phase, in such a case, Kex is given by.
Kex =  K p x K s(s )x  K ’a(s) (1.21)
(ii) The ligand interacts with the ion-pairs in the organic phase (saturated with water). 
In this case, the individual processes contributing to Kex are expressed as.
Kex “  Kp X  Ka X  Kassn “  Kd X  Kassn (1.22)
In eq. 1.22, Kd is the constant for the distribution process involving the metal ion salt, 
MX, from water (totally dissociated) to the organic phase in the absence of the ligand 
(fully associated). This was calculated from experimental data for the processes 
involving ethyl p-^er^-butylcalix[4]arene tetraethanoate and alkali-metal picrates in 
the water-dichloromethane**^^, water-benzonitrile**® and water chloroform*'* solvent 
systems. The data are listed in Table 1.12.
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Given that Ks(s) and K ’a values in Table 1.12 are greater than Kassn the authors 
suggested that the individual processes involved in eq. 1.16 are likely to take place in 
the selective extraction of alkali-metal picrates by the ethyl /?-/er^-butylcalix[4]arene 
tetraethanoate.
Table 1.12 Individual processes contributing to the overall extraction of alkali-metal 
cations by ethyl p-^er/-butylcalix[4]arene tetraethanoate in the mutually 
saturated HzO-CeHsCN*®^ H2O-CH2CI2**** and H2O-CHCI3*** solvent 
systems at 298.15 K.
Alkali metal Kox = K pKs(s)K’a Kex= Kd Kassn
picrate Kp Ks(s)K’a K ,, Kd Kassn
LiPicrate 2.0 X  10'^
H2O-C6H5CN 
3.5 X 10^ 7.0 X  10® 39.4 1.8 x 10"*
NaPicrate 4.5 X  10'* 1.4x10^ 6 .2 x 10^ 325.1 4.9x10®
KPicrate 6.2 X  10* 2.6 X  10® 1 .6 x 10® 291.1 5.5 X  10®
RbPicrate 1.5x10'^
CsPicrate
LiPicrate 4.8x10’^
H2O-CH2CI2
6.5 X  10*® 3.1x10® 4.0 7.8x10"*
NaPicrate 2.4x10'^ 5.0x10** 1.2 x 10^ 8.0 1.5x10®
BCPicrate 4.5x10'^ 1.8 x 10*® 8.3 X  10® 11.7 7.1 X  10"*
RbPicrate 6 .2 x 10*^ 5.5 X  10® 3.4x10® 12.0 2 .8 x 10"*
CsPicrate 1.0 x 10*^ 4.8 X  10® 4.8x10® 12.7 3.8x10"*
LiPicrate 2.0 X  10'^
H2O-CHCI3 
2.1x10*® 4.1x10"* 2.0 2.1 X  10"*
NaPicrate 5.3 X 10'^ 1,7x10** 8.8 X 10® 2.8 3.1 X  10®
KPicrate 8.4x10*® 4.3 X  10® 3.6x10"* 3.6 1.0 x 10"*
RbPicrate 1.2 x 10*® 4.6
CsPicrate 2 .0 x 10*® 7.0 X  10^ 1.4x10"* 5.6 2.5 X  10®
*Abbreviators used, C^HgCN, benzonitrile, CH2CI2, dichloromethane and CHCI3,
chloroform.
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1.6 Attachment of calixarenes to polymeric matrices
Using the results described previously by several authors®^ ’ functionalised 
calixarenes containing sulphur and nitrogen donor atoms can be efficiently used for 
selectively bind environmentally pollutant metal cations such as Hg^^, Cd^”^ and Pb^^. 
In the following section, the attachment of calixarene derivatives to polymeric 
backbones is discussed.
Extraction processes or membrane systems have been used for the separation of ions 
and neutral molecules®®. These techniques have limitations due to a steady loss of the 
ligand fi’om the membrane or the use of organic solvents which are environmentally 
unfriendly. To overcome this problem, various derivatised calixarenes have been 
attached to polymeric backbones in such a way that their inherent properties remain 
uncharged.
However calixarene based polymers have just begun to receive attention. These new 
polymers may then be processed into materials suitable for building up chemical 
sensor devices such as ion selective electrodes and filtration/extraction membranes^*' 
114-120 g g j ^ g Q j .  devices based on calixarenes have been previously reported^®'® .^ These 
were obtained from blending calixarene molecules into polymer melts or other 
membrane composites.
Yilmaz and co-workers reported the synthesis of polymeric calixarenes by
lower and upper rim fuctionalisation and their interactions with alkali and transition 
metal cations. Harris et a/.**"* have prepared a polymeric calixarene complex with Na"*" 
analogue to that reported by S h i n k a i b y  reacting p-(chlorosulphonic)calix[6]arene 
with poly(ethylene-imine).
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1.5.1 Lower rim  polymerization
This type of polymerisation was perfomied by using either (i) the phenolic groups of 
calixarenes, which were bound to polymers with reactive halogens (Merrifield 
polymer) to produce a polymeric resin linked via ether linkages as shown Scheme 1.5
OH
Scheme 1.5 General scheme for lower rim polymerisation of calixarenes
Lee et al}^'^ reported the use of silica bonded calix[6]arene-p-sulfonate, (Fig. 1.19) 
stationary phase in the reverse phase separation of mono-substituted phenol (cresol, 
methoxyphenol, nitrophenol and chlorophenol) regioisomers and some other aromatic 
positional isomers.
Si—( J ) —O-Si,
Na
Fig. 1.19 Silica-bonded calix[6]arene-p-sulfonate
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1.5.2 Upper rim  polymerisation
The removal of p-tert-huty\ groups from calixarenes has provided an excellent site for 
polymerisation since the active sites of complexation are not affected by this 
modification. Using Friedel-Crafts reactions, the cross-linked chloromethylated 
polysterene (Merrifield) was inti'oduced at the para position as shown in Scheme 1.6 .
OH
0=
OH
Scheme 1.6 General scheme for upper rim polymerisation of calixarenes
Using the same principles described for the synthesis of silica-bound calixarene 
derivatives,*^® silica-gel bound calixarenes were synthesised via the allyl groups at the 
/?ara-position as shown in Fig. 1.20
O -S I-O
Fig. 1.20 Silica-bonded calix[4]arene tetiaamide*^®.
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Based on the above discussion the aims of this thesis are now outlined.
1.7 Alms of the work
The removal and control of pollutants from the environment is an area of utmost 
importance. As environmental concern grows this fields is under continuous 
investigation for improvement. An example of the many existing technologies is 
phase transfer extraction processes. However this involves the use of large quantities 
of solvents which are not environmentally friendly. Therefore there is a considerable 
interest in the development of new materials for use in extraction processes as an 
alternative method to solvent extraction technology. The main objective of this work 
is to investigate the fundamental aspects which are required for the design of lower 
rim calix[4]arene derivatives for the extraction of heavy metal cations. This is to be 
followed by their incorporation as anchor groups in solid supports for the 
development of easily recyclable extracting agents for the removal of heavy metal 
cations from aqueous solutions.
In order to achieve these aims the following steps are to be taken.
1. Synthesis and characterization of calix[4]arene aminophosphorus 
derivatives
Partially lower rim calix[4]arene derivatives containing oxygen, nitrogen, sulphur and 
phosphorus as donor atoms will be synthesised using different approaches in order to 
maximise the yields obtained so costs are minimised. *H and NMR specti*oscopy, 
microanalysis and wherever possible. X-ray diffraction studies will be explored for 
the characterization of these ligands in solution and in the solid state.
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2. Complexation of calix[4]arene aminophsphorus derivatives and métal 
cations.
*H NMR spectroscopy will be used to investigate the presence or absence of ion- 
ligand interactions. When complexation occurs, the active sites of interaction of the 
ligand will be assessed. Conductmetric measurements will be explored for the 
determination of the stoichiometry of the metal-ion complexes. A thermodynamic 
approach will be used to assess quantitatively the stiength of interaction between 
these ligands and metal cations in solution. Depending on the stoichiometry and 
magnitude of the stability constant, the appropriate method will be selected. 
Enthalpies of complexation will be investigated by titration calorimetry (macro and 
micro).
In order to investigate the role of the solvation of the host, the guest and the complex, 
attempts will be made to proceed with the thermodynamic characterization of these 
species in solution. Based on stability constant data attempts will be made to isolate 
metal-ion complex salts.
3. Extraction of mercury metal cations
The results obtained from thermodynamics will be used to explore the application of 
these calixarene derivatives for the selective extraction of mercury from water to the 
organic solvent in the presence and in the absence of the ligand in the organic phase.
4. Attachment of the selective ligand
After identifying the selective properties of these ligands, the most promising one will 
be selected and attached to a solid support in such a way that the binding properties of 
the ligand are not affected. The application of this material for the extraction of 
mercury(II) from aqueous solution and its regeneration will be investigated.
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2. EXPERIMENTAL SECTION
2.1 Reagents.
2.1.1 List the solvents used in the experimental work.
Acetonitrile, CH3CN, (HPLC grade, Fisher Scientific) 
Tetrahydrofuran, C4H 8O, (Aldrich reagent, 99 % purity). 
Methanol, CH3OH, (Fisher reagent, 99 %)
Ethanol, CH3CH2OH (HPLC grade, Fisher Scientific) 
A,A-dimethylformamide, C3H7NO, (Aldrich, HPLC, AR) 
Dichloromethane, CH2CI2, (Fisher Scientific reagent)
Hexane, CôH h , (HPLC, Fisher Scientific)
1-Butanol, C4H9OH, (Fisher Scientific reagent)
Toluene, C6H 5CH3, (HPLC grade, Fisher Scientific)
Dimethyl sulfoxide, (CH3)2SO (Fisher, HPLC grade).
Ethyl acetate, C4H 8O2 (Fisher, HPLC grade).
2.1.2 List the chemicals used for the synthesis.
j9-^gr^-Butylcalix[4 ]arene, (Aldrich).
Bromoacetonitrile, BrCH2CN, (Aldrich) 
Diethylchlorophosphate, C1P0 (0 CH2CH3)2 (Fluka) 
Diethylchlorothiophosphate, C1PS(0 CH2CH3)2 (Aldrich) 
Potassium carbonate, K 2CO3, (Aldrich)
Potassium hydrogen carbonate, K H C O 3, (Fluka)
Lithium aluminium hydride, LiAlH4, (Fluka)
18-Crown-6,18-C-6, purum > 99 %, (Fluka) 
Tetra-M-butylammonium bromide, (C4H i2)4NBr, (Fluka) 
a,a-Dichloromethyi methyl ether, CI2CHOCH3, (Aldrich) 
Sodium cyanoborohydride, NaCNBHs (Aldrich)
Tin (IV) chloride, SnCU, (Aldrich).
Aluminium chloride, AICI3, (Aldrich).
Magnesium sulphate, MgS0 4 , (Fisher Scientific)
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Sodium hydroxide, NaOH, (Fisher Scientific)
Phenol, CôHsOH, (Aldrich).
Tri-M-ethylamine, (CH3CH2)3N, (Aldrich)
2.1.3 List the chemicals used for electrochemical and thermodynamic work.
Potassium chloride (99 % Purity, Fisher)
Tetra-M-hutylammonium perchlorate, (C4H i2)4NC104 (99 % grade, Fluka) 
Tris[hydroxymethyl]aminomethane,THAM,(CH3 0 H)3CNH2,(Minimum 99%, Sigma) 
Perchloric acid, HCIO4, (70 % redistilled, 99.999%, Aldrich).
Picric acid, C5H3N3O7, (Aldrich).
Metal perclorate salts, (Analytical grade, Aldiich).
Deuterated chloroform, C D C I3, (Aldrich)
Deuterated acetonitrile, C D 3C N , (Aldrich).
Deuterated methanol, C D 3O D , (Aldrich)
Tetramethyl silane, (CH3)4Si, (Aldrich)
Phosphorus pentoxide, P4O10, (99 % purity, Fisher Scientific).
Calcium chloride, CaCl2(98 %, Fisher Scientific)
Calcium hydride, CaH2, (99 %, Fisher Scientific)
Potassium hydroxide, KOH, (Fisher Scientific)
Benzophenone, (CôH5)2CO, (Aldrich).
Magnesium, Mg and iodine, I2, (Aldrich)
Tetra-M-methylammonium hydroxide, (CH3)4NOH, (Aldrich).
2.1.4 Purification procedures.
Acetonitrile*^* was refluxed over calcium hydride (CaH2) in a round-bottomed flask 
fitted with a reflux condenser protected by a drying tube containing calcium chloride. 
The mixture was refluxed under a nitrogen atmosphere and distilled. The middle 
fraction o f the distilled solvent was used.
Tetrahydrofuran*^^ was refluxed with potassium hydroxide for two hours and the 
refluxed solvent was transferred to a round-bottomed flask charged with metallic
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sodium and benzophenone. The mixture was refluxed under a nitrogen atmosphere. 
The middle fraction o f the distilled solvent was used.
Methanol was placed in a round-bottomed flask fitted with a reflux condenser 
protected by a calcium chloride drying tube. Then magnesium and iodine were added. 
The mixtuie was refluxed for two hours afterwhich a portion o f methanol was added. 
The refluxing was continued for an additional hour. The middle fraction was collected 
over activated 4 Â molecular sieves*^"*. The water content o f the solvent was checked 
by the Karl Fisher titration technique and was found to be less than 0.02 %.
Ethanol, dichloromethane, hexane and 1-butanol were used without further 
purification.
V,iV-dimethylformamide was dried over 3 Â molecular sieves (which had been 
previously dried overnight in an oven at 300°C) for 72 hrs followed by distillation 
under reduced p r e s s u r e T h e  middle fraction o f  the distilled solvent was used. Its 
water content, as determined by the Karl Fisher technique, was found to be less than 
0.02 %.
Dimethylsulphoxide was dried overnight over magnesium sulphate filtered and then 
fractionally distilled over calcium hydride under reduced pressure. The solvent was 
stored over 4 Â molecular sieves (dried overnight in an oven at 300 The
middle fraction o f the distilled solvent was used.
Tetra-M-butylammonium perchlorate (TBAP) was used without further purification.
p-fôr^-Butylcalix[4]arene (25 g), bromoacetonitrile (>98%, 25 g), diethyl
chlorothiophosphate (50 ml), potassium cai'bonate and potassium hydrogen carbonate 
were used without further purification.
Lithium aluminium tetrahydride, 18-crown-6, diethyl chlorophosphate and tetra-w- 
butyl ammonium bromide, a, a  dichloromethyl methyl ether, sodium cyanoboron
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hydride, tin (IV) chloride and aluminium chloride were used without fuilher 
purification.
Metal cation salts as perchlorates (Li^, N a \  Cs"*", Ag"^ , Cd^ "*", Pb^ ,^ Zn^ "^ , Cd^^, 
Cu^^, Hg^^) purchased from Aldrich were dried over P4O 10 under vacuum for several 
days before use. Picric acid (analytical grade), perchloric acid, (70% redistilled 
99.999 % grade), tri-M-ethylamine were also purchased from Aldrich.
2.2 Synthesis
2.2.1 Synthesis of 5, 11, 17, 23 tetra-fe/*^-butyI, 25, 27 bis [nitrilo]methoxy, 26, 
28 dihydroxycalix[4]arene, Li.
C H X N
OH OOH
Scheme 1. Synthetic procedure used for the preparation o f  L i
In a three-necked round bottomed flask (500 ml),/?- tert -butyl calix[4]arene (5.022 g, 
7.738 mmol), 18-crown-6 ( 0.512 g, 1.937 mmol) and potassium carbonate (9.031 g, 
34.35 mmol) were suspended in dry acetonitrile (150 ml). The mixture was then 
stirred for one hour under a nitrogen atmosphere. This was followed by dropwise 
addition o f  bromoacetonitrile (7.035 g, 58.649 mmol). The reaction mixtuie was 
heated at 75°C and refluxed for 24 hours under vigorous stirring. The course of the 
reaction was monitored by TLC (thin layer chromatography) using a hexane: ethyl 
acetate (8 :2 ) mixture as the developing solvent system.
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After cooling, the solvent was removed under reduced pressuie and a white solid was 
afforded. The solid was dissolved in dichloromethane. Then, the mixture was filtered; 
the dichloromethane was removed under reduced pressure. The residue was 
recrystallized from methanol. The mixture was left overnight at room temperature, 
and the crystals furnished were left in the piston drier at 90”C.
The product obtained in 75 % yield was characterised by NM R spectroscopy.
'H  NM R (300 MHz, in CDCI3); 5 (ppm), J (Hz); 7.12 (s, 4H, Ar-H), 6.73 (s, 4H, Ar- 
H), 5.55 (s, 2H, Ar-OH), 4.23 (d, 4H, J=12.91,-0-CH2-CN), 4.79 (d, 4H, J=13.50, 
Ar-CHiax-Ai-), 3.45 (d, 4H, 1=13.50, Ar-CH^eq-Ar), 1.34 (d, 18H, J=5.40, -C- 
(CH3)3), 0.87 (d, 18H, J=8.70,-C-(CH3)3).
2.2.2 Synthesis of 5,11,17,23 tetra-tert-butyl, 25, 27 bis [amino] ethoxy, 26, 28 
dibydroxycaUx[4]arene, Lg.
AILiH
THF2
OH OOH O
NH,
Scheme 2. Synthetic procedure used for the preparation o f L2
In a thi'ee-necked round-bottomed flask (250 ml), a solution o f L i (4.8 g, 6.60 mmol) 
in dry THF (150 ml) was added into a solution o f LiAIH4 (1.46 g, 38.48 mmol) in the 
same solvent (50 ml) under a nitrogen gas atmosphere and continuous stirring. The 
temperatuie was kept at 0°C using an ice-bath.
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The reaction mixture was stirred for a period o f 4 hours. The course o f the reaction 
was monitored by TLC using hexane:ethyl acetate (8:2) mixture as the developing 
solvent system.
A 20% solution o f NaOH (2 ml, 10 mmol) was added upon completion o f the 
reaction, followed by distilled water (5 ml, 278 mmol) until a white precipitate was 
produced. The mixture was filtered and the filtrate was evaporated under reduced 
pressure. The solid was recrystallized from ethanol.
The product obtained in 70 % yield was characterised by *H NM R spectroscopy.
‘H NM R (300 MHz, in CDCI3); 8 (ppm), J (Hz); 7.04 (s, 4H, Ar-H), 6.97 (s, 4H, Ar- 
H), 4.33 (d, 4H, J=12.91, Ar-CHzax-Ar), 4.54 (t, 4H, J=4.65, -O-CH2-CH2-), 3.37 (d, 
4H, J=12.91, Ar-CHzeq-Ar), 3.31 (t, 4H, J=4.80,-CHz-NHz), 1.17 (m, 36H, -C- 
(CH3>3).
2.2.3 Synthesis o f 5,11,17,23 tetra-te/*t-butyl, 25,27 bis(diethylphosphate 
amino)ethoxy, 26 ,28  dihydroxycaIix[4]arene, 1.
OHOH
NH,
(1 )
Scheme 3. Synthetic procedure used for the preparation o f 1
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In a three-necked round-bottomed flask (250 ml) equipped with an ice bath, La (4.887 
g, 6.65 mmol), potassium carbonate (1.369 g, 9.91 mmol), potassium hydrogen 
carbonate (1.77 g, 17.73 mmol) and tetra-«-butyl ammonium bromide (0.502 g, 1.56 
mmol) were suspended in dry dichloromethane, (CH2CI2), (100 ml). The mixture was 
left under continuous stirring for a period o f half an hour. This was followed by drop- 
wise addition o f diethyl chlorophosphate (1 ml, 7.94 mmol). The reaction mixture was 
left at room temperature for 48 hours under vigorous stirring. The course o f the 
reaction was monitored by TLC using hexaneiethyl acetate (8:2) mixture as the 
developing solvent system.
The solvent was removed under reduced pressure and a white solid was afforded. The 
solid was recrystallized from acetonitrile. The mixture was left overnight at room 
temperature, and the crystals furnished were left in the pistol drier at 60°C.
The product obtained in 70 % yield, was characterised by and ^^C NMR 
spectroscopy. Melting point 179 -  180°C.
‘H NM R (300 MHz, in CDCI3); 8 (ppm), J (Hz); 8.57 (s, 2H, Ar-OH), 7.03 (s, 8H, 
Ar-H), 5.20 (d, 2H, J=11.10, -CH2-NH-), 4.34 (d, 4H, 3=13.20, Ar-CHzax-Ar), 4.13 
(m, 12H, -O-CHz-CHz, O-CHz-CHs), 3.62 (m, 4H, -CHz-CHz-NH), 3.37 (d, 4H, 
3=12.91, Ar-CHzeq-Ar), 1.36 (m, 12H, O-CH2-CH3), 1.21 (m, 36H, -C-(CH3)3).
"C NMR (300MHz) (CDCI3) 8c ppm; 149.69, 148.87, 148.34, 142.86, 133.76, 
127.96, 126.13, 125.65 (Ar), 77.16 (OCH2CH2NH), 62.56, 62.49 (OCH2CH3), 42.09 
(OCH2CH2NH), 34.37, 33.98 (C(CH3)3, 32.33 (ArCH2Ar), 31.67, 31.28 (C(CH3)3, 
and 16.50,16.40 (OCH2CH 3). (See Fig. 1 '^C NMR spectra o f 1, Appendix 1)
Elemental analysis was carried out at the University o f Surrey, calculated %: C,
66.78; H, 8.41; N  2.78; found %: C, 66.49; H, 8.62; N 2.82.
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2.2.4 Synthesis of 5,11,17,23 tetra-^er^-butyl[25,27-bis(diethylthiophosphate 
amino) ethoxy-26, 28-dihydroxycalix[4]arene, 2.
OH O
NH,
OH O
NH 
0 - P = S
' (2)
Scheme 4. Synthetic procedure used for the preparation o f 2.
In a three-necked round-bottomed flask (250 ml) equipped with an ice-bath, L% (4.887 
g, 6.65 mmol), potassium carbonate (1.369 g, 9.91 mmol) and potassium hydrogen 
carbonate (1.77 g, 17.73 mmol), were suspended in dry dichloromethane, (CH2CI2), 
(100 ml). The mixture was left under continuous stirring for half an hour. This was 
followed by dropwise addition o f diethyl chlorothiophosphate (1 ml, 7,94 mmol). The 
reaction mixture was left at room temperature for 48 hours under vigorous stirring. 
The course o f the reaction was monitored by TLC using dichloromethane:methanol 
(9:1) mixture as the developing solvent system.
The solvent was removed under reduced pressure and a white solid was afforded. The 
solid was recrystallized from a mixture of methanol:chloroform (4:1). The mixture 
was left overnight at room temperature and the crystals furnished were left in a piston 
drier at 60°C.
The product obtained (70 % yield), was characterised by and NMR 
spectroscopy. Melting point 169 -  170°C
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NM R (300 MHz, in CDCI3); Ô (ppm), J (Hz); 8.59 (s, 2H, Ar-OH), 7.03 (s, 8H, 
Ar-H), 5.60 (t, 2H, J=11.10, -CH2-NH-), 4.34 (d, 4H, J=13.20, Ar-CHzax-Ar), 4.13 
(m, 12H, -O-CH2-CH2, O-CH2-CH3), 3.62 (m, 4H, -CH2-CH2-NH), 3.38 (d, 4H, 
J=12.91, Ai'-CHzeq-Ai'), 1.32 (t, 12H, O-CH2-CH3), 1.24 (s, 18H, -C-(CH3)3), 1.15 (s, 
18H, -C-(CH3)3).
NMR (300MHz) (C D C I3) ôc  ppm; 149.88, 148.84, 147.97, 142.41, 133.48, 
127.67, 126.09, 125.62 (Ar), 77.26 (O C H 2C H 2N H ), 63.08, 62.99 (O C H 2C H 3), 42.44 
(O C H 2C H 2N H ), 34.25, 33.88 (C (C H 3)3, 32.41 (ArCHzAr), 31.63, 31.51 (C (C H a)3, 
and 16.15,16.04 (O C H 2C H 3). (See Fig 2 NM R spectra o f  2 , Appendix 1)
Elemental analysis was carried out at the University of Surrey, calculated %: C, 
64.71; H 8.15; N  2.70; found %: C, 64.62; H, 8.12; N, 2.67.
2.2.5 X-Ray crystallography of 1 and 2.
Molecular structures for 1 and 2 were determined by X-ray diffraction crystallography 
data at the University the Sao Paulo Brazil by Professor Eduardo E. Castellano and 
the University o f La Plata, Argentina by Dr. Oscar E. Piro.
Ligand 1. Molecular structures o f the ligand, 5,11, 17, 23 tetra-rer^-butyl, 25, 27 
bis(diethylphosphate amino)ethoxy, 26, 28 dihydroxycalix[4]aiene, (1)
C58H87N 3O 10P2, M= 1048.27, triclinic, space group P-1, unit cell dimensions, 
a-15.831(l), b=16.709(l), c=23.425(l) A, p=94.365(2)‘’, V=6187.5(4) Data were 
collected on a KappaCCD/P and co diffractometer with a radiant graphite- 
monocromated MoKa, 1= 0.71073 Â. All o f the crystallographic data (interatomic 
bond distances and bond angles) are included in Tables 1-2, Appendix 3.
Ligand 2 . For 5,11, 17, 23 tetra-^er^butyl, 25, 27 bis(diethylthiophosphate 
amino)ethoxy, 26, 28 dihydroxycalix[4]arene (2), C57H 86N 2O8P2S2CI2, M= 1124.29, 
triclinic, space group P21/c, unit cell dimensions, a=12.773(l), b=19.556(1),
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0=23.982(1) À, (3=93.897(3)°, V=5990.4(5) Â^, data were collected on a 
KappaCCD/n and co diffractometer with a radiant graphite-monocromated MoKa, A,= 
0.71073 Â. The interatomic bond distances and the bond angles for the appropriate 
crystal structure o f 2 are included in Tables 3-4, Appendix 3.
2.3 Solution studies of 1 and 2
2.3.1 Solubility measurements
Solubility measurements were performed for 5,11, 17, 23 tetra-/er^-butyl, 25, 27 
bis(diethylphosphate amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 1, and 5,11, 17, 
23 tetra-^er^-butyl, 25, 27 bis(diethylthiophosphate amino)ethoxy, 26, 28
dihydroxycalix[4]arene, 2, in different solvents at 298.15 K in order to select the 
solvent for complexation studies.
2.3.1.1 Procedure:
Saturated solutions were obtained by adding an excess o f ligands 1 or 2 to the 
following solvents: acetonitrile, methanol, ethanol, 1-butanol, hexane, N,N- 
dimethylformamide and tetrahydrofuran. These mixtures were left for several days in 
a thermostat bath at 298.15 ± 0.02 K until the equilibrium was attained.^^’^ ^^ '^ *^^  
Aliquots o f the saturated solutions in the appropriate solvent were filtered and placed 
in different porcelain crucibles, (which had been previously dried and accuiately 
weighed). The solvents were evaporated until constant weigh. Blank experiments 
showed that the solvents had no impurities. Analysis was done at least by duplicate on 
the same equilibrium mixture.
Solvate formation was checked by placing a Imovyn amount o f the ligand on a watch 
glass for several days over the appropriate solvent placed at the bottom of a closed 
desiccator, to ensure a saturated atmosphere o f the solvent^^
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2.3.2 Determination of the enthalpy of solution, AsH at 298.15 K.
Measurements o f  the enthalpies o f solution o f 1 or 2 were carried out using the
Tronac 450 calorimeter. This calorimeter is a commercial version o f the solution
calorimeter originally designed by Christensen and Izatt.^^^
This type o f calorimeter is divided into two parts as described below:
i) Calorimeter assembly
The components o f the calorimeter assembly are: a thermostatic bath (capacity 
o f 50 dm^), a bath stirring motor, a heater-cooler device and the precision 
temperature controller, (Fig. 2.1). The latter ensures that the bath temperature is 
maintained at 298.15 ±  0.01 K. The thermistor, the heater, the Dewar vessel (50 
cm^) and the stirrer stainless steel blade assembly connected to the ampoule 
holder are the components o f the calorimeter headed shaft. This isoperibolic 
calorimeter is equipped with a burette (which is essentially a syringe of 2  cm^) 
linlced to the reaction vessel by means o f a silicone tube assembly.
ii) Electronic assembly
The electronic assembly consists o f a Wheatstone bridge, a heater circuit and a 
power supply. The thermistor, inside the calorimeter vessel, forms one of the 
arms o f the bridge. The temperature change that occurs during a calorimetric 
reaction is registered by the thermistor and subsequently converted to the 
corresponding voltage. This voltage is amplified in the amplifying circuit and 
recorded on the strips chart recorder. The heating power o f the reaction was 
measured directly across the standard resistor (Vi) and the calibration heater 
resistance (V%) during an electrical calibration run. The heating time (t) was 
measured accurately by a timer coimected to the electronic assembly.
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Fig. 2.1 The Tronac 450 calorimeter.
2.3.2.1 Procedure.
The accuracy o f the equipment was checked by measuring the standard enthalpy 
o f protonation o f tris(hydroxymethyl)aminomethane, (THAM) with hydrochloric 
acid 0.1 mol dm'^ at 298.15 K'^®.
Enthalpies o f solution were measured in the calorimeter by breaking glass 
ampoules containing accurately weighed amounts o f  the ligand in question. Then 
the ampoules were sealed with rubber stoppers and carefully placed in the stirring 
blade assembly. The stirring assembly was immersed in the calorimeter reaction 
vessel containing an accurate volume o f the appropriate freshly distilled solvent
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(50 cm^). The reaction vessel was then immersed in the thermostated water bath
and left for ~ 20 minutes to reach thermal equilibrium. The reaction was
subsequently initiated by breaking the ampoule in the appropriate solvent. The
resulting temperature change was recorded on the chart recorder. In all cases,
electrical calibration experiments were canied out by introducing a Imown
quantity o f electrical heat approximately equal to the energy change o f the main I
reaction.
Corrections for the heat associated with the breaking o f empty ampoules in the 
appropriate solvent were applied. The heat evolved in the reaction was calculated 
using the method o f correction described by Dickinson^^'134,139
2.3.3 Enthalpy of solution. Calculations
The amount o f  heat generated during a calorimetric experiment was measured by a 
comparative method. For example by comparing it with a Imown amount o f electiical 
heat involved in the same reaction system. During the electrical calibration 
experiment, the heat capacity o f the calorimetric system,s, was determined from the 
following expression:
(2.1)
In eq. 2.1, 0c is the true temperature change during the calibration experiment and Qc 
is the amount o f heat released which was obtained from the following equation.
(2.2)
In eq. 2.2, t is the heating time in seconds and p R  is the power dissipated in the heater 
and it is given by eq. 2.3
V,Vf  = - ^  (2.3)R
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In eq. 2.3, Viand V2 are the voltage readings talcen in the heater voltage positions and 
R is the heater resistance.
The heat capacity o f the system is thus calculated from eqs. 2.2 and subsequently used 
to obtain the heat generated in the studied process, Qr from
In eq 2.4, 0r is the corresponding true temperatuie change.
The heat o f reaction, Qr divided by the number o f moles, n, o f the solute used gives 
the molar enthalpy, as shown in eq. 2.5
= ^  (2,5)
2.4 Determination o f the autoprotolysis constant (Ka) of acetonitrile at 
298.15 K.
The determination o f the autoprotolysis constant, K a , of the solvent required the 
simultaneous experimental determination o f the specific constants for the acidic, (Ea°) 
and the alkaline range, (Eb°) and the calibration o f the electrochemical cell. Ea° was 
calculated from the potentiometric titration o f a solution o f perchloric acid in 
acetonitrile (20 cm^, 9.43x10"^ mol dm'^) with triethylamine (1.99 xlO'^ mol dm’^ ). 
For the determination o f Ey°, a solution o f tetraethyl ammonium hydroxide in 
acetonitrile (20 cm^, 4.60x10’^  mol dm‘^ ) was titrated with p-tert-\mty\ phenol 
(2.05x10"^ mol dm"^). A typical potentiometric titration was performed as follows: the 
solution in the titration vessel was kept at 25.00 ± 0.02 °C. The combined glass 
electrode was left to stabilize for 30 minutes. The titrant solution was added stepwise 
(0.5 cm^) from an automatic burette. The titration was continued beyond the end point
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in order to yield data for the calibration o f the electrochemical cell. Potential changes 
were recorded when stable readings were obtained.
The titrant volume at the end point o f the titration was estimated by means o f  the non­
linear interpolation method suggested by Wolf-Fortuin^"^®. Thus, the differences 
between the equilibrium potentials from potentiometric data were calculated on the 
recorded or data print out and designated in decreasing order as follows:
Ao: greatest difference
Ai : second greatest difference
A%: third greatest difference.
The volume between Ao and Ai was denoted Vc and the increment size as AV. The 
volume, Vo, corresponding to the end point o f the titration was calculated as follows
Vo = Vc + a(AV); if  Ai occurs before Ao.
Vo = Vc - a(AV); if  Ao occurs before Ai.
c  = 0 .5( Z | f - 0 .2 (Z2)^w here  Z, and Z ^ = ^ .Aj A,
2.4.1 Procedure.
For the determination o f the autoprotolysis constant o f the solvent, the following 
electrochemical cell was used
Glass electrode|s||LiCl sat(EtOH) |AgCl|Ag (2.6)
In eq. 2.6, s represents the sample solution, which for the purpose o f the determination 
o f E l was tri-M-ethylamine (1.99 x 10’^  mol dm'^) and perchloric acid (9.43 x 10*^
mol dm'^) in acetonitrile , whereas for the determination o f E l , p-^e/T-butylphenol
(2.05 X  10’^  mol dm"^) and tetra-M-methyl ammonium hydroxide (4.60x 10’^  mol dm'^) 
in acetonitrile were used. LiCl (sat EtOH) was used as an internal electrolyte solution
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and AgCl/Cl (silver-silver chloride electrode) represents the reference electrode. The 
double vertical line in the electrochemical cell indicates a liquid junction between S 
and the ethanolic solution o f lithium chloride. The single vertical line represents the 
phase boundary between the glass electrode and S or between the constituents o f the 
electrochemical cell in the different physical states.
M M
\fes
mimwMH
Fig.2.2. Automatic Metrohm, Titrator-processor 716 DMS Titrino
Potentiometric titrations were carried out using the equipment shown in Fig. 2.2 
(Metrohm, 716 DMS Titrino) and the electrochemical cell (eq. 2.6) described above. 
Changes in potential generated in the cell were measured with a combined pH-silver
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reference double junction electrode purchased from Russell. The electrode was 
previously modified by replacing the saturated aqueous KCl as internal electrolyte 
with an ethanolic solution o f LiCl. The outer (salt bridge) electrolyte was a solution of 
tetia-M-butylammonium perchlorate (TBAP, 0.05 mol dm'^) in acetonitrile. The 
potential changes during the course o f the titration (accuracy is 0.1 mV) were 
measured using a double junction glass electrode (Russel) connected to a compact 
automatic titrator-processor (Metrohm, 716 DMS Titrino) and a water-jacketted 
titration vessel maintained at 298.15 K by using a constant temperature circulating 
water at 298.15 K. During the titration, nitrogen was bubbled through the titrate 
solution.
2.4.2 Preparation and standardization of solutions.
2.4.2.1 Preparation and standardization of the perchloric acid solution in 
acetonitrile.
This solution was prepared by diluting a certain amount o f perchloric acid (0.2 
cm^) placed in a volumetric flask (100 cm^) with freshly distilled acetonitrile. The 
mixture was homogenized by shaldng and the resulting solution was standardized 
against potassium hydrogen phthalate using thymol blue as the indicator, 
according to the following procedure. Accurate amounts (0.010-0.020 g) of 
potassium hydrogen phthalate previously dried at 120 °C were dissolved in 
methanol (25 cm^) in a titration flask (100 cm^). Then Thymol Blue (indicator) 
was added (5 drops). The mixture under stirring was titrated with the perchloric 
acid solution until the colour o f the solution (yellow) changed to permanent red. 
The consumed volumes for each titration (five) were corrected from the data 
obtained from blanlc experiments carried out in the absence o f potassium 
hydrogen phthalate. The concentration o f perchloric acid was calculated by using 
the following equation.
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=   (2.7)
In eq. 2.7; [HCIO4], W (pht), M (p h t)  and V ( h c io 4) denote the molar concentrations of 
perchloric acid, weight and molecular weight o f potassium hydrogen phthalate 
and volume o f perchloric acid respectively.
The concentration o f perchloric acid in acetonitrile used for the determination of 
its autoprotolysis constant, Ka, value o f the solvent and the protonation constants 
for 1 and 2 in acetonitrile at 298.15 K was 9.43 xlO'^ mol dm'^.
2.4.2.2 Preparation and standardization of the tetra-«-methyl ammonium 
hydroxide solution in acetonitrile.
A solution o f tetra-M-methyl ammonium hydroxide (0.3 cm^) was dissolved in 
freshly distilled acetonitrile. The mixture was homogenized with the help o f a 
shaker or an ultrasonic bath. Filtration was sometimes required in order to attain a 
transparent solution. This solution was used as the titrant in potentiometric 
titrations and was standardized against benzoic acid using Bromocresol Green as 
the i n d i c a t o r T h e  end-point o f the titration was detected when the yellow 
colour o f the initial mixture changed to blue. The volume consumed in each 
titration was noted. Blank experiments were carried out using equal volumes of 
acetonitrile in the absence o f  standard benzoic acid following the experimental 
procedure described above. The resulting solution was stored in a dark place.
The concentration o f tetra-M-methyl ammonium hydroxide solution was calculated 
from eq. 2 .8
—  (2-8)
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In eq. 2.8; [TMAH], W(ba), M(ba) and V(tmah) denote the molar concentrations of 
the tetra-M-methyl ammonium hydroxide, weight and molecular weight o f benzoic 
acid and volume o f the tetra-M-methyl ammonium hydroxide respectively. The 
molar concentration o f tetra-M-methyl ammonium hydroxide solution at 298.15 K 
used in the determination o f the autoprotolysis constant ( K a )  o f the solvent was 
4.60x 10'^ mol dm'^.
2.5 H NMR studies
NM R measurements were recorded at 298 K  using a Brulcer AC-300E pulsed 
Fourier transform NM R spectrometer. Typical operating conditions for routine proton 
measurements involved a “pulse” or flip angle o f 30°, spectral frequency (SF) of 
300.137 MHz, delay time o f 1.60 s, acquisition time (AQ) o f 1.819 s, and line 
broadening o f 0.55 Hz. Solutions o f the samples in question (-0.5 ml) were prepared 
in the appropriate deuterated acetonitrile and placed in 5 mm NM R tubes using TMS 
(tetramethylsilane) as the internal reference.
2.5.1 Procedure:
The protonation and complexing behaviour o f 1 and 2 towards heavy and alkaline- 
earth metal cations in the appropriate solvents were investigated using the ^H NMR 
technique.
Protonation and complexation measurements were carried out by adding a solution of 
perchloric acid (protonation measuiements) or the metal-ion salts as perchlorates 
(complexation) (7.0 xlO"^ - 2.0 xlO'^ mol dm'^) into the NMR tube containing the 
ligand dissolved in C D 3C N  (9.0 xlO’"^ -  1.2 x 10"^  mol dm'^). Stepwise additions of 
varying amount o f the metal-cation salt were made until chemical shifts changes 
ceased. Proton chemical shifts o f the free and the complex ligand were measured.
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2.6 Determination of the protonation constants (K lh )  of 1 and 2 in 
acetonitrile at 298.15 K.
Potentiometry was the technique selected for the determination o f the protonation 
constants o f 1 and 2 in acetonitrile. The electrochemical cell used for this purpose is 
described as follows,
Glass electrode|(TBAP)MeCN ||LiCl sat. in EtOH |AgCl|Ag (2.9)
2.6.1 Procedure.
The protonation constants o f 1 and 2 were measured by potentiometric titration using 
the Metrohm 716 DMS Titrino equipped with a combined pH-silver reference double 
junction electrode (Russell). The electrolyte used was a solution o f LiCl in ethanol. 
The outer (salt bridge) electrolyte was a solution o f tetra-M-butylammonium 
perchlorate (TBAP, 0.05 mol dm"^) in acetonitrile. The concentration (activity) o f the 
free hydrogen ions was measured using a pH indicator electrode. This double junction 
electrode was connected to a compact automatic titrator-processor Titrino. All 
titrations were carried out under a nitrogen atmosphere.
For the calibration experiments, the vessel was filled with TBAP (20 ml, 0.05 mol 
dm'^) and the burette was filled with a solution HCIO4 (-7 .0  xlO'^ mol dm"^) in 
acetonitrile (obtained by diluting concentrated perchloric acid). The acid was 
standardized with potassium hydrogen phthalate using Thymol Blue as the indicator. 
After the equilibrium was reached, automatic additions o f the titrant were followed. 
Data were collected by the Hyperaccess Data System. The Nemstian behaviour o f the 
electrode was evaluated from the slope o f a plot o f potential (mV) against -  log[H^].
For the determination o f the protonation constants, the ligand solution (-1.5x10'^ mol 
dm'^) was prepared in TBAP solution (0.05 mol dm'^) and placed in the burette. This 
was added into the vessel containing a solution o f known concentration o f H^. Data 
were collected by the Hyperaccess System and used for the calculation o f the 
protonation constants.
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2.6.2 Calculation of the protonation constants.
The ionic strength was kept constant, therefore molar concentrations were used. The 
activity o f ions in each addition, an+, was calculated using a linear' regression 
method. The standard electrode potential (E°) o f the reference cell was calculated 
from the Nem st equation (eq. 2.10).
^  =  (2.10)
In eq. 2.10, R, T, F and n denote gas constant, temperature, Faraday constant and 
number o f electrons in the redox process respectively. E°m" /^m is the standard 
electrode potential
Ligands 1 and 2, (L), have nitrogen donor atoms in their pendant arms and therefore 
these can undergo protonation in the presence o f an acid solution according to the 
equilibrium shown in eq. 2.11
L(CH^CN) + H* (CH^CN) > H Ü  (CH ,CN) (2.11)
The protonation constant associated with the process represented in eq. 2.11 in terms 
o f activities is defined by.
K l h = — ^ [ffl, ]  ^ y±, .^
In eq. 2 . 1 2 ,  K l h  denotes the protonation constant. On the assumption that y L = l  and
Y±lh  ^ =  T±h^ > Gq- 2 .11  can be expressed in terms o f concentrations as shown in eq. 
2.13.
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The total concentrations o f hydrogen, is given by
[ H ] t =  [¥t]  + [HL+] (2.14)
The concentration o f free proton [H'*’] is calculated from eq. 2.10 (Nernst equation)
The total concentrations o f ligand, [ L ] t , is given by
[L]t = [L] +[HL+] (2.15)
Combination o f equations 2.10, 2.14 and 2.15 allows the determination o f the 
protonation constant, Klh according to the equation 2.13.
2.7 Conductometric studies
Variation o f the electrical conductance with the concentration o f the salt and the 
ligand allows the determination o f the stoichiometry and the stability constant o f the 
metal-ion complex. Ionic species should be present in solution to be able to proceed 
with conductance measurements. For stable complexes, the presence o f the sharp 
break in a plot o f molar conductance. Am, against ligand:metal (CiyCM"" )^ 
concentration ratios (neglecting ion pair formation) are noted. Less stable complexes 
give rise to a more continuous curve. Only by extrapolation o f the slopes at high and 
low Cl/Cm”^  ratios is it possible to obtain a point o f intersection corresponding to the 
composition o f the complex. Conductance measurements provide a valuable tool for 
the investigation o f ion-ion and ion-solvent interactions in electrolyte solutions. 
Information regarding ion mobility and the extent ion-pair formation in solution can 
be obtained.
Conductivity measurements were used in order to investigate the solution properties 
o f metal cation salts as well as to provide information on the complex stoichiometry 
between metal cations and some /?-^err-butylcalix[4]arene derivatives in organic 
solvents at 298.15 K. The main aim o f these measurements was to establish the
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composition o f the metal-ion complexes in the appropriate organic solvent. The 
following Section describes the apparatus used for these measurements.
2.7.1 Apparatus
The conductimeter is divided into two components;
i) The Wayne-Kerr autobalance , type B642.
ii) The conductivity cell.
(i) The Wayne- Kerr B642 is an autobalance ratio arm bridge for measuring 
impedance. During the conductance measurements, the magnitude o f the capacitance 
and the conductance are monitored on the two meters. Each o f these meters has four 
decades, which are operated in succession. Small signals are placed between the 
decade control Icnobs to indicate the decimal points. The control knobs are selected 
automatically by operation o f the range switch. The sensitivity o f the meter can be 
switched to one o f these normal positions to adjust the apparatus manually. The 
accuracy o f the bridge was determined by its internal sources and it was found to be 
0 .1% for all decades in use.
(ii) The conductivity cell consists o f a cylindrical vessel o f about 50 ml capacity, 
containing a pair o f black platinum electrodes which are connected to two external 
side tubes filled with mercury. Samples were injected tlirough the small hole placed 
on the cap o f the cell. Nitrogen gas was passed thi ough prior to the measurements to 
keep the solution free de carbon dioxide.
Calibration o f the bridge was carried out by the use o f different standard resistances.
2.7.2 Determination of the cell constant at 298.15 K.
For the determination o f the cell constant, an aqueous solution o f potassium chloride 
was used. Thus volumes o f KCl (1 ml; 0,1 mol dm'^) were injected in the conductivity
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cell containing the solvent (deionised water). For this purpose, a gas-tight plastic 
syringe was used. All measurements were carried out at 298.15 K.
Molar conductance. Am, (S. cm^ moF^), were calculated using the equation o f Lind, 
Zwolenik and Fouss^"^ .^
Am = 149.43 -  96.45 c^^+ 58.74 c log c + 198.4 c (2.16)
In eq. 2.16, c was the molar concentration (mol.dm'^) o f KCl solution used in these 
experiments.
Thus the cell constant, 0 (cm'*), was calculated from the following equation.
" " a
In eq. 2.17 S, (Q ' ), is the reciprocal of resistance.
2.7.3 Conductometric titrations at 298.15 K
Conductometric titrations o f metal-cation salts (as perchlorates) with 1 or 2 were 
earned out in acetonitrile at 298.15 K. To perform these measurements, the 
conductometric cell was filled with accurately weighed amounts o f the metal-ion salt 
solution in acetonitrile (-25 ml). Then the electrodes were inserted into the cell. The 
closed system was placed in a thermostated bath. After thermal equilibrium was 
achieved, accurate aliquots o f the ligand were added into the cell using a hypodermic 
syringe.
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2.8 Synthesis of metal-ion complexes of /;-fe/*/-butylcalix[4]arene amino 
phosphorus derivatives.
To a suspension o f the ligand, a 20 % excess o f solution o f the respective metal-ion 
salt in acetonitrile was added. The mixture was stirred until a clear solution was 
obtained. This was filtered and the filtrate was left until crystals were observed. These 
were separated from the solution and dried at 60 °C at reduced pressure for several 
days.
The silver(I)2 complex (perchlorate as counter-ion) isolated from acetonitrile was 
identified by *H NM R spectroscopy and elemental analysis carried out at the 
University o f  Surrey. Calculated %; C, 50.22; H, 6.32; N, 3.03; found %: C, 50.55; 
H, 6.62; N 2.91.
‘H N M R (300 MHz, in CD3CN); 6  (ppm), J (Hz); 8.55 (s, 2H, Ar-OH), 7.27 (s, 4H, 
Ar-H), 7.23 (s, 4H, Ar-H), 5.58 (m, 2H, -CH2-NH-), 4.23 (d, 4H, J=12.90), Ar- 
CHiax-Ar), 4.19 (m, 12H, -O-CH2-CH2, 0 -CH2-CH3), 3.73 (m, 4H, -CH2-CH2-NH), 
3.49 (d, 4H, J=13.20, Ar-CHjeq-Ar), 1.33 (t, 12H, O-CH2-CH3), 1.21 (s. 18H, -C- 
(CH3>3), 1.16 (s, 18H, -C-(CH3)3).
The mercury(II)2 complex (perchlorate as counter-ion) was isolated from acetonitrile 
was identified by *H NMR spectroscopy and elemental analysis carried out at the 
University o f Surrey. Calculated %; C 43.56; H 6.38; N 2.35; found %: C 43.17; H 
6.22; N  2.11
'H  NMR (300 MHz, in CD3CN); 8 (ppm), J (Hz); 8.52 (s, 2H, Ar-OH), 7.32 (s, 4H, 
Ar-H), 7.27 (s, 4H, Ar-H), 6.98 (br, 2H, -CH2-NH-), 4.45 (m, 8H, O-CH 2-CH3), 4.25 
(m, 4H, -O-CH2-C H 2), 4.14 (d, 4H, J=12.90, Ar-CH 2ax-Ar), 3.84 (m, 4H, -CH2-CH 2- 
NH), 3.58 (d, 4H, J=13,20, A r-CH 2eq-Ar), 1.42 (t, 12H, O-CH2-CH 3), 1.21 (s, 18H, - 
C-(CH3)3), 1.17 (s, 18H, -C-(CH3)3).
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2.8.1 X-ray crystallography of the silver-2 complex as perchlorate.
These were carried out by Professor Eduardo E. Castellano at the University the Sao 
Paulo in Brazil and Dr. Oscar E. Piro at the University of La Plata, Argentina. Crystal 
data, data collection procedure carried out in a Kappa C C D /n and œ diffractometer 
with a radiant graphite-monocromated MoKa, 0.71073 Â. The crystal data and 
molecular structure found are as follows: C58H87AgClN3 0 i2P2S2, M= 1287.72, unit 
cell dimensions, a=l 1.910(1), b=16.698(l), c=18.973(1) A, p=104.10(3)°,
V=3773.32(4) A^. Interatomic bond distances and bond angles for this structure are 
included in Tables 5-6 (Appendix 3).
2.9 Thermodynamics of complexation.
There are several techniques currently used for the determination o f stability constant 
data for complexation reactions involving metal cations and macrocyclic ligands. 
However the suitability o f these techniques is largely dependent on the magnitude of 
the stability constant.
The different experimental methods available for the determination o f the stability 
constant for the complexation reaction between a metal-ion, and a ligand, L in 
solution (eq. 1.8) can be divided into two groups.
M " ^ ( s )  + L ( s ) ~ ^ M L " \ s )  (2.18)
i). Methods that are dependent on the concentration (activity) o f one o f the species 
in solution such as calorimetry, conductimetry and spectophotometry.
ii). Methods that are dependent on the logarithm o f concentration such as 
potentiometry.
Having established the composition o f  the metal-ion complexes (*H NMR and 
conductimetric studies) a quantitative assessment on the strength o f complexation was 
carried out using titration potentiometry and calorimetry.
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2.9.1 Potentiometric measurements.
Potentiometry is a versatile technique for the determination o f the stability constants 
o f metal-ions with macrocyclic ligands, since a wide range o f concentrations can be 
used. This is generally the case for techniques which are dependent on the logarithm 
o f concentration. It is also one o f the most accurate experimental methods for the 
determination o f metal-ion activities even for cases in which very low concentrations 
are involved*"*^. Consequently, high stability constants can be measured by this 
technique, provided that a suitable electrode working in a reversible manner with 
respect to an appropriate metal-ion in solution is available.
Potential changes are correlated with the activity o f the metal cation tlirough the 
Nernst equation, (eq. 2.10) Large stability constants can be measured by
potentiometry using a competition reaction '73.144-146 In this case, the calix[4]ai'ene
derivative should be able to complex with the silver metal cation and another metal 
cation, whose stability constant needs to be determined. Cox and Schneider*"* '^*^® have 
extensively used the competitive potentiometric method for the determination of 
stability constants o f cryptands with metal-ions in non-aqueous solvents.
The stability constant (log Kg) for the complexation reaction between mercury(II) and 
silver(I) metal cations and 2 in acetonitrile and methanol were measured using the 
potentiometric titration technique.
2.9.1.1 Procedure
i) Potentiometric titration using the silver electrode.
A digital micro-processor pH/mV-meter HANNA model pH 213 Microprocessor pH- 
Meter, (Fig 2.3), was used to measure the potential changes during the course o f the 
titration using the following electrochemical cell.
Ag
Ag+
MeCN 0.05 M TBAP 
reference
MeCN 0.05 M TBAP
Ag+
MeCN 0.05 M TBAP 
sample Ag (2.19)
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For the potentiometric titration, a reversible silver selective electrode was used with a 
silver/silver reference electrode. The indicator and the reference silver electrodes 
consisted o f silver rods, immersed each in a separate jacket-thermostated glass 
vessels, maintained at 25.00 ± 0.05 °C. The reference silver electrode was immersed 
in a solution o f silver perchlorate in acetonitrile or methanol and the indicator 
electrode in a solution o f TBAP, while the titration was performed and the activity of 
the free silver was measured. Constant ionic strength was maintained by using TBAP 
(0.05 mol.dm'^) in all solutions, including the filling solution o f the salt bridge 
between the two glass vessels. The volume of the titrant was added by a micropipette.
Micro 
pH Meter pH 213
W o r k i n g
electrodeelectrode
TBAP 0.05 M (MeCN)
Ag*
(MeCN+0.05 M TBAP) (MoCN+O.OSMTBAP) 
Stirrer
Ag*
(MeCN+0.05MTBAP) 
added step try step
Fig. 2.3 Schematic description o f the potentiometric apparatus
i) Potentiometric titration using the mercury amalgam electrode
Potentiometric experiments were carried out using the equipment shown in Fig. 2.2 
and the following electrochemical cell.
Hg HggCij LiCl sat. in EtOH 
reference
MeCN 0.05 M TBAP
Hg2+
MeCN 0.05 M TBAP 
sample
Hg
( 2 .20)
-7 6
Experimental Section
The stability constant o f 2 and the mercury (II) cation was measured by 
potentiometric titration using the Metrohm 716 DMS Titrino) equipped with a 
calomel (Hg/Hg2Cl2/KCl) reference double junction electrode (Russell). Its internal 
electrolyte was a saturated solution o f LiCl in ethanol, whilst the outer (salt bridge) 
electrolyte was a solution o f TBAP, (0.05 mol dm'^), in acetonitrile or methanol. The 
concentration o f  the free mercury ion was measured using a mercury amalgam 
indicator electrode designed by J. Villanueva Salas, Postgraduate Student at the 
Thermochemistry Laboratory. Both electrodes were connected to a compact automatic 
titiator- processor Metrolim 716 DMS Titrino. All titrations were carried out under a 
nitrogen atmosphere. For the calibration experiments, the vessel was filled with a 
solution o f TBAP in the appropriate solvent (20 ml, 0.05 mol dm'^), while the burette 
was filled with a solution o f Hg(C104)2 (-3x10'^ mol dm'^). After thermal equilibrium 
was reached, the automatic addition o f titrant proceeded. Data were collected by an 
Hyperaccess data system. The Nernstian behaviour o f the electrode was evaluated 
from the slope o f a plot o f potential against -  log[Hg^^].
For the determination o f the stability constant, the ligand solution (-1 xlO'^ mol dm"^) 
was prepared in a TBAP solution (0.05 mol dm'^) and placed in the burette. The 
vessel solution containing a loiown concentration o f Hg^^ was titrated with the ligand 
allowing the formation o f the 1:1 mercury calixarenate complex. Data were collected 
by a Hyperaccess System and used for the calculation o f the stability constant.
2.9.2 Calorimetric measurements
2.9.2.1 Titration calorimetry.
Titration calorimetry is a technique developed and applied extensively by Christensen 
and Izatt*^^’*^ *'*^  ^ to measure thermodynamic quantities for reactions in solution, 
where one reactant is titrated into another. The temperature o f the system is then 
measured as a function o f the titrant added.
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There are two types o f calorimetric titrations, incremental and continuous. In the first 
type, the titrant is introduced incrementally and the temperature o f the system is 
recorded after each addition and usually readjusted to its initial value before a new 
addition o f titrant took place. This method allows only a limited number o f data points 
to be obtained depending on how many increments o f titrant are added. Its main 
advantage is the small temperature change for a given incremental titrant addition and 
hence the correspondingly small temperature corrections.
In continuous titration calorimetry, the titrant is added at a constant rate during a run 
and the temperature is recorded continuously. In this way, a complete record o f the 
reaction is obtained and therefore an unlimited number o f data points are available for 
calculation purposes. The main disadvantage is the large overall temperature change 
being measured, which may lead to laige errors reflected in the thermodynamic 
quantities.
The successful application o f titration calorimetry to a given system depends on the 
following conditions.
i). The stability constant and the reaction conditions are such that a measurable 
amount o f reaction takes place.
ii). The enthalpy change for the reaction to be investigated is measurably different 
from zero.
The magnitudes o f Kg and AH for the overall reaction taking place in the vessel 
should therefore be within certain limits. Fig. 2.4 shows that the curvature o f  a given 
titration curve (called thermogram) is a function o f the Kg value assuming, that the AH 
is constant as well as the AH value assuming Kg is constant. In the case o f a low 
equilibrium constant, the heat changes observed throughout the course o f the reaction 
are too small so as to allow a valid estimation o f the thermodynamic parameters. For 
reactions with very lar ge Kg values, the titrant will be almost quantitatively consumed 
until the equivalent point is reached. Under these conditions, the AH value for the 
reaction can be measured but not the stability constant. Fig. 2.4 illustrates the 
ambiguity o f differentiating between titration curves associated with large Kg values.
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On the other hand if  AH is too small, the heat output will be correspondingly too 
small to measure being subject to considerable errors. The use o f this technique is 
thus limited to log Kg values generally between 1 to 6 and AH being large enough that 
a temperature change o f at least 0.01°C is generated by the reaction^^’^®’^ ^^ ’*^ '*’^ ^^ .
AH W constant
1009 2 5
Molts of tiirsiit added
Moles of titfint added
Fig. 2.4 Dependence o f the thermometric cui've on the values o f constant AH with 
variable Kg, and constant Kg with variable AH respectively.
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2.9.2.2 Analysis of the thermogram.
Fig. 2.5 shows temperature-time curves for a calorimetric experiment under various 
conditions o f reaction where heat is evolved in an exothermic reaction or in an 
electrical calibration experiment.
Temperature-time readings must start when the calorimetric system has reached 
thermal equilibrium. The starting point is A and during the initial period to B, a lineai* 
behaviour is observed. The reaction is initiated at point B and has been completed at 
C. The distance between B and C is called the ‘reaction’ or the main period. The 
calorimetric curve is linear again during the final period, C-D.
During the linear parts o f the curve, A-B and C-D, only small and constant heat 
effects are generated in the calorimeter such as the heat o f stirring and the heat effect 
from the resistance thermometer.
Tem
Perature
A T
(1) (2)
ta t'a
Time/volume of titrant added
Figure 2.5 Typical thermogram curves for an exothermic reaction under various 
c o n d i t i o n s (1) Reaction fast and complete, (2) Reaction incomplete and 
fast, (3) reaction complete and slow.
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In Fig. 2.5 the thermograms correspond to.
(1) A titration reaction which is fast and complete. The end point, ta, is that where a 
sharp break o f the curve is observed.
(2) the titration reaction is fast and incomplete, but the reaction equilibrium is so far 
on the side o f the end products o f the reaction that a small excess o f titrant effects 
essentially complete reaction. The end point, ta, can be obtained by extrapolation.
(3) the titration reaction is complete but slow. The end point is found through 
extrapolation t \ .
2.9.2.3 The Dickinson’s method of extrapolation.
In an isoperibolic calorimeter, temperature changes occur between the reaction vessel 
and its surroundings during the experiment and heat exchange takes place. This can be 
calculated by extrapolating the linear initial and final parts (AB and CD, Fig.2.6) on 
the calorimetric curve to the time tm where the mean temperature o f  the reaction 
period, Tm, occurs^^^.
The Dickinson method is a graphical extrapolation method, which is based on the fact 
that the rate o f heat evolution during a reaction is assumed to be exponential. If  
considered Tb=0 and Tc=l can be defined the exponential function as
In order to find the mean temperature, Tm, with occurs at time tm, the areas in the Fig. 
2,4 must be equal, therefore
^ 'T d t=  f 'Q - T ) d t  (2.21)
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Substitution o f eq. 2.20 in eq. 2.21 and evaluation o f the above integral to tg =0, 
yields
(2.22)
by substituting eq. 2.22 into eq. 2.20, a value for Tm is obtained
T„= \ — e * = 1 — g  ^ =0.632 (2.23)
E
I
0,63  AT
t. Time (t)
Fig. 2.6 Plot o f temperature against time showing the graphical extrapolation method 
o f Dickinson.
Therefore, the mean temperature o f the main reaction will occur at the time when 63 
% of the heat is evolved. This is not the case, however for the electrical calibration 
experiment, the heat evolution is usually linear with time, and the extrapolation in this 
case is carried out using the time at which half the temperature rises (50%).
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2.9.3 Calibration of the equipment.
2.9.3.1 Burette calibration
The burette has been calibrated by weighing amounts o f distilled water delivered 
by it over several time intervals. For this purpose, the burette was filled with 
distilled water and subsequently immersed into a thermostated bath in order to 
maintain its temperature at 298.15 K. After allowing for thermal equilibrium, 
water was collected over several time intervals and its weight was accurately 
measured. This allowed the determination o f the burette delivery rate (BDR) 
expressed in units of volume per units of time, using the following equation.
BD R=  (2.24).t
In eq. 2.23; W(Hzo), P(H20), t, denote weight o f  water in grams, density o f water at
298.15 K and time in seconds, respectively.
2.9.3.2 Standard reaction
Several standard reactions have been suggested to check the accuracy and 
reproducibility o f the calorimeter^
In this work the enthalpy o f protonation o f tris(hydroxy methyl)-aminomethane, 
THAM, in an aqueous solution o f hydrochloric acid (0.1 N) (eq. 2.25) suggested 
by, Irving and Wadsô^^^ was measured.
Thus an aqueous solution o f THAM (-0.20 mol dm'^) placed in the burette was 
titrated into the vessel containing an aqueous solution o f HCl (0.1 mol.dm'^; 50 
cm^).
The enthalpy o f protonation for this reaction is well established*^^.
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H2NC(CH20H)3(aq) +H3 0 +(aq) ^H 3N T(C H 20H )3(aq) + HzO(aq) (2.25)
For this purpose, the total heat observed in each addition (q j was corrected to 
account for the hydrolysis o f THAM in water (qh) and the heat o f dilution (qa) in 
order to obtain the heat o f protonation (qp). Thus.
qp= qt - qh- qa (2.26)
The hydrolysis reaction o f THAM may be represented by:
THAM + H 2O — HTHAM^  + OH' (2.27)
The hydrolysis constant, Kh, is given by:
\ h t h a m * ^ \o h -~\
[THAM] (2.28)
The concentration o f OH" was calculated from:
[OH'] = (Kh[THAM])"^ (2.29)
The heat associated with the hydrolysis o f THAM in water was calculated from:
qh = [OH-].V.AhH (2.30)
In eq. 2.29; V is the volume added in each step and AhH is the enthalpy o f 
formation o f water (-55.81 kJ mol'*) at 298.15 K*^ .^
The enthalpy o f protonation ApH, is calculated from eq. 2.31.
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=  (2.31)
In eq. 2.31, n is the number o f moles o f THAM added in each step.
2.9.3.3 Titration experiments (Tronac 450 calorimeter)
For macrocalorimetric titrations, the Tronac 450 calorimeter was used as an 
isoperibol titration calorimeter*^^. It is equipped with a 2 cm^ burette connected by 
a silicone tube to the reaction vessel. The reproducibility o f the apparatus was 
checked by (i) calibrating the burette*^^ and (ii) chemical calibration using the 
standard reaction o f protonation o f an aqueous solution o f 
tris(hydroxymethyl)aminomethane (THAM) in hydrochloric acid (HCl, O.IN) at
298.15 K. Therefore, an aqueous solution o f THAM was placed in the burette and 
incrementally titrated into the reaction vessel containing the solution o f HCl (50 
ml).
Direct calorimetric titrations were carried out for log IQ values lower than 6, Thus 
a solution o f the metal-ion salt (concentration range 2.0 x 10'^ to 5.0 x IQ'^ mol 
dm'^) was prepared in acetonitrile, placed in the burette, and titrated into the 
vessel containing a solution o f the ligand o f interest, (50 cm^, concentration range 
6.0 X 10‘"* to 1.5 X 10"  ^ mol dm"^) prepared in the same solvent. A computer 
CALLA.BAS and KHNLR3 programs developed at the Thermochemistry 
Laboratory were using for the calculation o f log Ks and AcH values. This 
computer program, the following steps were considered,
(i) Initial assumption o f IQ value.
(ii) Calculation o f the concentration o f the different species in the reaction 
vessel at each data point for and assumed value o f IQ.
(iii) Calculation o f the AcH value corresponding to the IQ value chosen which 
best fits all data points in the least square sense.
(iv) Evaluation o f  the sum of square erros, R,v
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(v) Repetition o f all the above steps assuming new IQ values until the optimal 
IQ and AcH are found which give the minimum value for Rn.
2.9.3.4 The Thermal Activity Monitor (TAM) Microcalorimeter.
Although a description o f this calorimeter is given, all experimental procedure 
was carried out by Mr. S. Chahine and Mr. M. Shehab who carried out the 
experimental procedure for these measurements.
The LKB 2277 Thermal Activity Monitor (TAM) (Thermometric AB, Sweden) 
designed by Suurkuusk and Wadso*^^ is characterised by a high sensitivity 
(sensitivity o f  the microcalorimeter is about 1 microwatt or better) and an 
excellent log-term baseline stability. Its design can be made cooperatively 
simple and well-suited for multipurpose use (Chemistry, Biochemistry and Cell 
Biology). The different components o f the four channel calorimeter are shown 
in Fig. 2.8.
The TAM consists o f  a basic unit containing a thermostatic water bath (25 litres) 
with up to four individual channels o f the thermopile heat conducting type, 
where these are maintained at constant temperature (± 1 x 10'"* K)*®® to allow the 
measurements o f microwatt fractions.
In the thermopile heat conducting calorimeter, the reaction vessel is surrounded 
by a heat sinlc, usually a metal block. The calorimeter sensor consists o f a multi­
junction thermopile, normally semiconducting “Peltier effects plates”, 
positioned between the vessel and the heat sink.
If heat is generated or absorbed in the reaction vessel, there will be a 
temperature difference over the thermopile. This gives rise to a potential signal 
which is proportional to the temperature differences and thus, to the heat flow.
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Fig. 2.8. The four channel calorimeter, a, Electric console; b, inner lid; c, outer 
lid; d, water bath; e, twin calorimeter; f, pump outlet tube; g, 
polyurethane foam insulation; h, centrifugal
i). Procedure.
The reliability o f the instrument was checked in two ways described as follows.
i) The electrical calibration experiments.
The aim o f the static electrical calibration is to ensure that the heat 
generated by the calibration resistor is equal to the heat measured by the 
instrument. It should be performed, irrespective o f the type o f 
application the THAM is used for. During a static calibration, a known 
amount o f heat is generated by the precision calibration heater resistors 
built into the bottom o f the measuring cup o f the calorimeter.
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ii) The standard reaction.
To check the accuracy o f the microcalorimeter, the standard reaction 
suggested by Briggner and Wadso for the complexation 18-crown-6, 
(18-C-6) with barium chloride BaCl: in water at 298.15 K.
An aqueous solution o f 18-C-6 (2.8 cm^, ~ 4x10^ mol dm'^) was placed 
in the calorimetric vessel and about 14 injections were made a Hamilton 
syringe containing and aqueous solution o f BaCb (~ 9 x 10'^ mol dm'^)
iii) Titration experiments.
Microcalorimetric titrations o f  1 with bivalent metal cations in acetonitrile at
298.15 K were carried out. For these measurements, a solution o f the metal-ion 
salt (2.0 X lG'^-5.0 x  10'^ mol dm“^ ) was prepared in acetonitrile, placed in the 
syringe and titrated into the vessel containing a solution o f the ligand o f interest 
(2.8 cm^, concentration range 9.0 x  10'^ to 1.7 x  10'^ mol dm'^) prepared in the 
same solvent. About eighteen injections were made at time intervals o f 40 
minutes. Corrections for the enthalpy o f dilution o f the titrant in the solvent 
were carried out in all cases. A computer program for TAM (Digitam 4.1 for 
Windows from Thermometric AB and select software AB Sweden) was used to 
calculate log Kg and AcH values.
2.9.4 Metal-ion complexes o f 1:1 (cation: ligand) stoichiometry
The reaction under study is given in eq. 2.33
M"*(CH3CN) + LCCHjCN)  ML"*(CH3CN) (2.33)
In eq. 2.33; M"% L, ML"* denotes the free cation, the ligand and the metal-ion 
complex. The thermodynamic equilibrium constant for the above process expressed in 
terms o f activities is shown in eq. 2.34.
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In the present work, the ligand is neutral (yl= 1), and the activity coefficient o f the fi*ee 
metal cation is assumed to be approximately equal to that o f the complex metal 
cation, so Under these experimental conditions, Kg may be expressed in
terms o f concentrations on the molar scale (eq. 2.35).
= _ r a _  _ 3 5 )
The concentrations o f the various species in the reaction vessel ar e given by
[M t] =  [M "*] +  [M L"*] (2 .3 6 )
[Lt] =  [L] +  [M L"*] (2 .3 7 )
In eqs. 2.36 and 2.37, Mt and Lt denote the total molar concentrations o f the metal 
cation and the ligand respectively. Taking into account eqs. 2.35, 2.36 and 2.37 it 
follows that.
M . + L +  —  -
[A tt" *  ]  = ------------------------------------------------^ ------------------- (2 .3 8 )
For a 1:1 reaction, the heat observed, Qcai, in step (i) is related to the number of moles 
o f complex formed at a certain added volume (V i) as shown in the following 
expression,
Qcai =  A cH [M L"*]V i (2 .3 9 )
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The sum of square errors, Rn for all experimental data is given by the following 
equation.
(2.40)
The value o f the enthalpy o f complexation, AcH, can be found using a non-linear 
least-squares optimization algorithm so that the error, Rn, in eq. 2.41 is minimised.
(Sexp -  (2.41)
Thus the enthalpy o f complexation, AcH, and the stability constant, Kg, can be 
obtained.
2.9.5 Metal-ion complexes of 1:2 (cation: ligand) stoichiometry.
The formation o f 1:2 (cation:ligand) complexes can be described as follows,
M"*(CH3CN) + L(CH3CN) ------------ > ML"*(CH3CN) (2.42)
M"*L(CH3CN) + L(CH3CN)  M"*L2(CH3CN) (2.43)
In eqs. 2.42 and 2.43. Kgi and Ks2 denote the individual stability constants o f the first 
and second complexation processes.
From mass balance equations, the following expressions are obtained.
[Mt]= [M"*] + [ML,"*] + [MLî"*] (2.44)
[Lt]= [L] + [ML,"*] + [MLz"*] (2.45)
It can be shown that values o f Kgi and Ks2 are given by
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K = ____________ wm.____________  «461
and
^  [M g*]
Solving the system o f two simultaneous equations yields a polynomial equation from 
eq. 2.48
+b[ME{*f +c[M C;] + d  = 0 (2.48)
In this equation, the coefficients a, b, c, and d are given by
a = -K ^K ^-^A K X  (2.49)
^ 4r + “  4 ,, 4 , ,  ^ (2.51)
<7 “  (2.52)
At least one o f the three solutions o f the above cubic equation is guaranteed to satisfy 
the constraints:
{M ü ;  ]> 0 , [ML\^ ]> 0 , ] +  [M T r ] < [M t] and ] + 2 [ M 4 "  ] < [Lj].
The value o f [ML2] can be calculated by the following equation,
While eq. 2.54 is used for the calculation o f Qcai
iSL,, ==--A,J5^f'BAdZ?+]--/\,ff2fl[AdZ;+] (2.54)
The error function, Rn, can be minimised by the use o f eq. 2.55
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(Z55)
This program is similar to that used for 1:1 stoichiometry complexes. New Kgi and 
Ks2 values are chosen repeatedly and the magnitude o f the sum o f square eri'ors, R„ is 
calculated for each set o f Kgi and Ks2 values until the optimal Kgi, Ks2, AcHi° and 
AcH2° are found which give the minimum value o f R„.
2.10 Extraction of metal cations from water to dichloromethane in the 
presence o f 2 in the organic phase at 298.15 K.
In order to investigate the extraction ability o f  2 towards several metal cations, 
distribution experiments in the presence and in the absence o f the ligand were carried 
out in the water-dichloromethane solvent system at 298.15 K. Both solvents (water 
and dichloromethane) were previously saturated with each other in order to avoid 
volume changes o f the phases during the extraction process.
2.10.1 Extraction procedure
In partition experiments carried out in the absence o f ligand, equal volumes (10 cm^) 
o f the aqueous phase containing different concentrations o f the metal-ion salt in the 
aqueous phase (5.0 x 10'^ -  1.0 x 10'^ mol dm'^) were mixed with an equal volume o f 
dichloromethane. The mixtures were shaken for a period o f 30 minutes. Then these 
were left overnight in an isothermal bath at 298.15 K to reach equilibrium. Aliquots 
from the aqueous phase were taken and analysed. Atomic absorption spectroscopy 
was used for the determination o f the initial and equilibrium concentrations o f silver. 
UV spectrophotometric measurements were carried out for the analysis o f mercury.
For extraction experiments carried out in the presence o f the ligand, accurate volumes 
o f the aqueous solution (10 cm^) containing the metal-ion salt solution (-1 .0  xlO'^ 
mol dm'^) and the organic phase (10 cm^) containing different concentrations o f the 
ligand (4.27 xlO'^-2.17 xlO'^ mol dm'^) were placed in stoppered flasks. The mixtures 
were vigorously shaken and then these were left overnight in a thermostated bath at
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298.15 K. Aliquots from the aqueous phase were taken and analysed by atomic 
absorption or UV spectrophotometry.
For the extraction o f silver from water to dichloromethane using metal-ion perchlorate 
salts, a Perkin Elmer 5000 atomic absorption spectrophotometer was used.
Potassium picrate solutions were prepared as described elsewhere^ In this work, this 
procedure was used to prepare in situ solutions o f mercury (II) picrate by dissolving 
an excess o f mercury(II) perchlorate and potassium picrate. The mixture was left 
overnight. A white precipitate o f potassium perchlorate appeared. After filtration, the 
concentration o f mercury in the liquid phase was analysed by BDTA replacement 
titrations. For the determination o f the initial and equilibrium concentrations of 
picrates, UV spectroscopy was the technique used (Cecil 8000 Scanning 
spectrophotometer).
2.11 Synthesis of modified silicates.
In order to anchor the _p-/er^butylcalix[4]arene amino thiophosphorus to a polymeric 
framework, several routes were followed starting with the removal o f the p-tert-hwXyX 
groups from the parent calix[4]arene as described below.
2.11.1 De-te/*^“butylation of/i-^er^-butylcalix[4]arene, Li.
The removal o f p-tert-b\xiy\ groups from /?-^erf-butylcalix[4]arene was achieved by a 
catalyzed retro Friedel-Crafts reaction as described by Gutsche and co-workers^^.
OHOH
Scheme 5. Synthetic procedure used for the preparation o f Li
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Thus in a three-necked round bottomed flask (500 ml), p - tert -butylcalix[4]arene 
(5.022 g, 7.738 mmol), phenol ( 4.369 g, 46.43 mmol) were suspended in dry toluene 
(150 ml). The mixture was stirred for one hour under a nitrogen atmosphere. This was 
followed by dropwise addition o f a solution o f aluminium chloride (6.027 g, 41.20 
mmol) in the same solvent. The reaction mixture was heated at 60°C and refluxed for 
4 hours under vigorous stirring. The course o f the reaction was monitored by TLC 
(thin layer chromatography) using a hexane: ethyl acetate (8:2) mixture as the 
developing solvent system. When the reaction was completed, the mixtur e was cooled 
down and a solution o f HCl 0.2 M (100 ml, 20 mmol) was added. The stirring was 
continued for 15 minutes and the organic phase was separated and washed twice with 
water. The excess o f toluene was evaporated under reduced pressure. The solid was 
recrystallized from methanol.
The product obtained (90 % yield) was characterised by NM R spectroscopy.
'H  NMR (300 MHz, in C D C I3 ); Ô (ppm), J (Hz); 10.22 (s, IH, Ar-OH), 7.07 (d, 2H, 
J=7.50, Ar-H), 6.75 (t, IH, J=6.90, Ar-H), 4.26 (br, IH , Ar-CH^ax-Ai), 3.56 (br, IH, 
Ar-CHieq-Ai).
2.11.2 Synthesis o f  25, 27 b is[n itrilo]m ethoxy, 26, 28
d ihydroxycalix[4]arene, L 2 .
B rC H ,C N /K ,C O .
O H OH
Scheme 6. Synthetic procedure used for the preparation o f L%
In a three-necked round bottomed flask (500 ml), L i (4.440 g, 10.46 mmol), 18- 
crown-6 (0.692 g, 2.62 mmol), potassium carbonate (11.564 g, 83.67 mmol) were 
suspended in dry acetonitrile (150 ml). The mixture was then stirred for one hour
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under a nitrogen atmosphere. This was followed by dropwise addition of 
bromoacetonitrile (9.507 g, 79.26 mmol). The reaction mixture was heated at 75°C 
and refluxed for 24 hours under vigorous stirring. The course o f  the reaction was 
monitored by TLC (thin layer chromatography) using a hexane: ethyl acetate (8:2) 
mixture as the developing solvent system.
After cooling, the solvent was removed under reduced pressure and a white solid was 
afforded. The solid was dissolved in dichloromethane. Then the mixture was filtered; 
the dichloromethane was removed under reduced pressure. The residue was 
recrystallized from methanol. The mixture was left overnight at room temperature, 
and the crystals furnished were left in a piston drier at 90°C.
The product obtained in 75 % yield was characterised by NM R spectroscopy.
'H  NMR (300 MHz, i n  CDCI3); Ô ( p p m ) ,  J (Hz); 7.13 ( d ,  2H, J=7.50 A r - H ) ,  6.83 ( d ,  
2H, J=6.30, A r - H ) ,  6.77 ( m ,  2H, A r - H ) ,  6.02 (s, IH , A r - O H  ), 4.85 (s, 2H, - O - C H 2-  
CN), 4.26 ( d ,  2H 3=14.10, A r - C H i a x - A r ) ,  3.524 ( d ,  2H, 3=13.50, A r - C H z e q - A r ) .
2.11.3 Synthesis of 25, 27 bis [amino] ethoxy, 26, 28 dihydroxycalix[4]arene, 
L 3.
AILiH
THF
OH OOH O
Scheme 6 . Synthetic procedure used for the preparation o f L 3
In a three-necked round-bottomed flask (250 ml), a solution o f Lz (2.20 g, 4.38 mmol) 
in diy THF (150 ml) was added into a solution o f LiAlH4 (1.00 g, 26.37 mmol) in the 
same solvent (50 ml) under a nitrogen gas atmosphere and continuous stirring. The 
temperature was kept at 0°C using an ice-bath. The reaction mixture was stirred for a 
period o f 4 hours. The course o f the reaction was monitored by TLC using hexane: 
ethyl acetate (8:2) mixture as the developing solvent system. A solution o f NaOH 20
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% (1.5 ml, 7.5 mmol) was added upon completion o f the reaction, followed by 
distilled water (4.5 ml, 250 mmol) until a white precipitate was produced. The 
mixture was filtered and the filtrate was evaporated under reduced pressure. The solid 
was recrystallized from ethanol.
The product obtained in 75 % yield was characterised by NM R spectroscopy.
‘H NM R (300 MHz, in CDCI3); Ô (ppm), J (Hz); 7.07 (d, 2H, J=4,50, Ar-H), 6.98 (d, 
2H, J=13.80, Ar-H), 6.81 (t, IH , J=5.10, Ar-H), 6 .6 6  (t, IH, J=7.8, Ar-H), 4.35 (d, 
2H, J=12.60, Ar-CHzax-Ar), 4.11 (t, 4H, J=4.50, -O-CH2-CH2-), 3.43 (d, 2H, 
J=12.90, Ar-CHaeq-Ar), 3.35 (t, 4H, J=4.50,-CH2-NHz).
2.11.4 Synthesis o f  25, 27-bis(d iethyIthiophosphate am ino) ethoxy-26, 28- 
dihydroxycalix[4]arene, L 4 .
OHOH
HN
-0 -P = S
.0r
Scheme 7. Synthetic procedure used for the preparation o f L 4
In a three-necked round-bottomed flask (250 ml) equipped with an ice-bath, L 3 (2.30 
g, 4.50 mmol), potassium carbonate (1.00 g, 1.07 mmol) and potassium hydrogen 
carbonate (1.20 g, 11.98 mmol) were suspended in dry dichloromethane (100 ml). The 
mixture was left under continuous stirring for half an hour. This was followed by 
dropwise addition o f diethyl chlorothiophosphate (2 ml, 15.88 mmol). The reaction 
mixture was left at room temperatuie for 48 hours under vigorous stirring. The course 
o f the reaction was monitored by TLC using dichloromethaneimethanol (9:1) mixture
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as the developing solvent system. The solvent was removed under reduced pressure 
and a white solid was afforded. The solid was recrystallized from a mixture of 
methanol chloroform. The mixture was left overnight at room temperature and the 
ciystals furnished were left in a piston drier at 60 °C.
The product obtained in 60 % yield, was characterised by and NMR 
spectroscopy. Melting point 169 -  170 °C
‘H NMR (300 MHz, in CDCI3); 5 (ppm), J (Hz); 8.60 (s, IH, Ar-OH), 7.05 (d, 2H, 
J=7.50, Ar-H), 7.01 (d, 2H, J=7.50, Ar-H), 6.84 (t, IH, J=7.50, Ar-H), 6.67 (t, IH, 
J=7.20, Ar-H), 5.45 (t, IH , J=I0.80, -CHj-NH-), 4.36 (d, 2H, J=12.90, Ar-CHzax- 
Ar), 4.12 (m, 6 H, -O-CH2-CH2, 0 -CH 2-CH3), 3.74 (m, 2H, -CH2-CH2-NH), 3.43 (d, 
2H, J=12.90, Ar-CH2eq-Ar), 1.30 (t, 6 H, J=7.50, O-CH2-CH3).
Elemental analysis was carried out at the University of Surrey. Calculated %: C, 
58.95; H, 6.43; N, 3.44; found %: C, 59.01; H, 6.48; N 3.47.
2.11.5 Synthesis o f  5,17 p -  a ldehyde- 25, 27-b is(d iethylth iophosphate  
am ino) ethoxy-26, 28-d ihydroxycalix[4]arene, Lg.
OH
HN
CI2CHOCH3
CH,CI,
OH O
/ " 0 - P = Sor
HN
-o -p = s  
,0r
Scheme 8. Synthetic procedur e used for the preparation o f Eg
Into a dry 250 cm^ three-necked round-bottomed equipped with a dry ice-bath, L 4 
(1.00 g, 1.22 mmol) in dichloromethane (50 cm^) was cooled down to -1 0  °C. Then, 
a,a-di-chorom ethyl methyl ether (2.0 cm^, 19.52 mmol) and tin (IV) chloride (20.0
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cm^, 20 mmol) were added. The resulting mixture was stirred for 30 minutes at -10  
°C. The reaction was quenched by the addition o f water (50 cm^). The aqueous phase 
was separated and NaOH (0.2M) was added (50 cm^). The aqueous phase was 
extracted with dichloromethane and the organic layer was dried over magnesium 
sulphate and concentrated in vacuo affording a yellow solid, which was recrystallised 
from methanol. The product obtained in 60 % yield, was characterised by NMR 
spectroscopy. Melting point 1 6 9 -  170 °C
‘H NMR (300 MHz, in CDCI3 ); S (ppm), J (Hz); 9.79 (s, IH , Ar-CHO), 9.30 (s, IH, 
Ai'-OH), 7.64 (s, 2H, Ar-H), 7.64 (s, 2H, Ar-H), 7.05 (d, 2H, J=6.90, Ar-H), 6 .88  (t, 
IH, J=7.20, Ar-H), 5.02 (t, IH, J-6.00, -CH2 -NH-), 4.37 (d, 2H, J=13.50, Ar-CHjax- 
Ar), 4.19 (t, 2H, 3=4.50, -O-CH2 -CH2), 4.11 (m, 4H, O-CH2 -CH3), 3.73 (m, 2H, - 
CH2-CH2 -NH), 3.56 (d, 2H, J=13.00, Ar-CHreq-Ar), 1.31 (t, 6 H, J= 6.60, O-CH2- 
CH3).
" C  N M R (300MHz) (CDCI3) 8c ppm; 190.93 (Ar-CHO), 126.70, 128.71, 129.54, 
129.99, 131.29, 132.81, 150.75, 158.77 (Ar), 77.44 (OCH2CH2NH), 63.44, 63.37 
(OCH2CH3), 42.23 (OCH2CH 2NH), 31.63 (ArCHzAr) and 16.30,16.19 (OCH2CH3).
Elemental analysis was canied out at the University o f Surrey. Calculated %: C, 
57.92; H, 6.02; N, 3.22; found %:C,  58.01; H, 5.98; N 3.27.
2.11.6 Synthesis of 3-aminopropyIdimethylsilylated silica, Le.
Si
NHg
NHg0 - S i
CH3
Scheme 9. Synthetic procedure used for the preparation o f Lg
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In a three-necked round-bottomed flask (250 ml) equipped with a condenser, dried 
silica (5 g) was dispersed in anhydrous toluene (100 cm^). To the resulting slurry 
under a nitrogen atmosphere, 3-aminopropyltrimethylsiIane (2.5g, 22.3 mmol) was 
added. The resulting mixture was refluxed for 6 h  and then cooled down to 25 °C. It 
was then filtered and washed first with toluene and then with methanol.
Elemental analysis was carried out at the University o f Surrey. Calculated %: C, 3.47; 
H, 0.81; N, 0.82; found %: C, 3.36; H, 0.75; N, 1.00.
2.11.7 Synthesis of m odified silica, L?
OH
HN
o-p=s 
0
r
S i-O -S i
CH,OH
a
OH
HN
/ " 0 - P = S  0r
Scheme 10. Synthetic procedure used for the preparation o f L?
In a three-necked round-bottomed flask (250 ml) equipped with a condenser 
anhydrous, 3-aminopropyldimethylsilylated silica (L^) (1 g, 0.75 mmol) in absolute 
methanol (50 cm^), (the pH o f solution kept to 1 by the addition o f a methanolic 
solution o f HCl), Ls (0.70 g, 0.96 mmol) and sodium cyanoboron hydride (0.07 g, 
0.96 mmol) were added under nitrogen atmosphere. The resulting slurry was stirred at 
25 °C for 72 h. Then HCl (12 M) was added to the slurry until pH =1. The acidified 
slurry was filtered and the resulting solid was washed (in order to remove impurities) 
with dichloromethane (50 cm^), chloroform (50 cm^), acetone (50 cm^), ethanol (50
-9 9
Experimental Section
cm ), methanol (50 cm ), an aqueous NaOH (50 cm ) and water (50 cm ) before being
dried over C aC^ in vacuo for 12 h.
Elemental analysis was carried out at the University o f Surrey. Calculated %: C,
13.47; H, 2.01; N, 1.61; found %: C, 12.97; H, 1.94; N, 1.58.
2.12 Extraction experiments
In order to determine the amount o f mercury (II) extracted from water by the modified 
silica, the following procedure was used.
2.12.1 Procedure
Mercury (II) picrate was prepared in situ as described in Section 2.10.1 (Pag. 92). The 
concentration o f mercury(II) in this solution was determined by the replacement 
titration with EDTA (0.01 mol dm'^). The following relationship was used to calculate 
the initial concentration o f Hg(II) in the picrate solution
1631 ml, 0.01 mol dm'^ EDTA = 2.0061 mg Hg
The concentration o f Hg(II) picrate was 1.56 x 10'^ mol dm'^. This solution was used 
as the standard for the preparation o f different concentiations o f this salt used in the 
extraction experiments with the modified silicate and spectrophotometric calibration 
curve at 354.5 nm. Using a Cecil 8000 UV spectrophotometer.
To determine the extraction capacity o f L? for Hg^^ the system shown in Fig. 2.9 was 
used. This consists o f a container (A) with an aqueous solution o f mercury(II) picrate, 
(1.56 xlO'^ mol dm'^) which is pumped through (B) into a column (4.50 x 5.00 cm) 
(C) containing the modified silicate (0.40 g). The effluent is collected in (D) and then 
the picrate is analysed by UV spectrophotometry.
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kl M odified IkL I
R em ain
solu ilc
1er
Itratloi
P u m p
UV s p e c t r o p h o t o m e t e r
So lu t io n  HgP lj
Fig.2.9 System used for the extraction study involving the 
calix [4] aminothiophosphorus silicate.
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3 RESULTS AND DISCUSSION
3.1 Synthesis p-r^rt-butylcalix[4]arene derivatives.
A general scheme for the synthesis of two lower /»-ter/-butylcalix[4]arene derivatives 
is shown below
p-^er^-butylcalix[4]arene
5,11,17,23-tetra-terï-butyl,25,27 
bis(nitrilo)methoxy, 26,28 
dihydroxycalix[4]arene,Lj
5,11,17,23-tetra-?er?-butyl,25,27 
bis(amino)ethoxy, 26,28 
dihydroxycalix[4]arene, Lg
R,= II o - /  O—
5,1 l,17,23-tetra-/er?-butyl-25,27-bis(diethyl phosphate 
amino)ethoxy, 26,28 dihydroxycalix[4]arene, 1
5,1 l,17,23-tetra-ferf-butyl-25,27-bis(diethyl thiophosphate 
amino)ethoxy, 26,28 dihydroxycalix[4]arene, 2
Scheme I. Synthetic route for the preparation 1 and 2
The synthetic procedures used for the preparation of each of these derivatives were 
described in the Experimental Section. Yields obtained and NMR characterizations 
are now discussed.
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3.1.1 Characterization of 5,ll»17,23-tetra-/i^r/-butyl, 25,27 bis(nitriIo)methoxy,
26,28 dihydroxycalix[4]arene, Li.
The 5,11,17,23-teti’a-tert-butyl, 25,27 bis(nitrilo)methoxy,
dihydroxycalix[4]arene, Li was obtained in 75 % yield.
26, 28
*H NMR measurements in CDCI3 have confirmed the existence o f the macrocyclic 
ligand in the ^cone^ conformation at 298 K as shown by the two pairs o f doublets at 
3.45 and 4.79 ppm which correspond to the equatorial and the axial protons of the 
methylene bridge (Fig. 3.1) respectively. The aromatic and the tert-buXyX groups are 
clearly differentiated. Thus the fer^-butyl groups show upfield signals (0.87 ppm, 1.34 
ppm) while downfield signals are observed for the aromatic protons (6.73 ppm, 7.12 
ppm). The phenolic proton in the NMR spectra are shown by a singlet which is 
found at approximately 5.55 ppm.
OH
CN
r 18
J U W L
Fig. 3.1, NMR spectrum of 5,ll,17,23-tetra-/er/-butyl, 25,27 bis(nitrilo)methoxy,
26,28 dihydroxycalix[4]arene in CDCI3 at 298 K,
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3.1.2 Characterization of 5 ,11 ,17 , 23 tetra-tert-butyl, 25, 27 bis(amiuo)ethoxy, 
26, 28 dihydroxycalix[4]arene, L%.
The 5,11, 17, 23 tetra-ter^-butyl, 25, 27 bis(amino)ethoxy, 26, 28
dihydroxycalix[4]arene, Lz was obtained in 70% yield.
The ‘H NMR spectrum of Lz in CDCI3 at 298 K (Fig 3.2) shows two pairs of doublets 
at 3.37 and 4.33 ppm which correspond to the equatorial and the axial protons 
respectively of the methylene bridge. The tert-hu\y\ groups show upfield signals 
(1.17 ppm and 1.24 ppm) while the aromatic protons show downfield signals (6.97 
ppm, 7.04 ppm). The signals of the protons corresponding to the phenolic and the 
amine groups are outside of the scale of the spectrum.
NMR measurements have confirmed the existence of the macrocyclic ligand in the 
‘cone’ conformation in solution at 298 K.
OH
H2N
IM JUl
1 PPM
Fig. 3.2, NMR spectrum of 5,11,17,23 tetra-^crr-butyl, 25,27 bis(amino) ethoxy,
26,28 dihydroxycalix[4]arene in CDCI3 at 298 K.
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3.1,3 Characterization of 5, 11, 17, 23-tetra-ter/-butyl, 25, 27 bis(diethyl 
phosphate amino)ethoxy, 26,28 dihydroxycalix[4]arene, 1.
The 5, 11, 17, 23-tetra-/er/-butyl, 25, 27 bis(diethyl phosphate amino)ethoxy, 26, 28 
dihydroxycalix[4]arene, 1, (white crystals) was synthesised in 70 % yield.
The NMR spectrum of 1 in CDCI3 at 298 K is shown in Fig. 3.3. The aromatic and 
the fer/-butyl groups show signals clearly differentiated. Thus the /er/-butyl groups 
show two upfield singlets (1.21 ppm, 1.36 ppm) and a singlet at 7.03 ppm 
corresponding to the aromatic protons. The phenolic protons show a singlet (8.57 
ppm) while a triplet is obsei'ved for the amino proton at an intermediate field of 5.20 
ppm. The aliphatic protons as -CH2- (3.62-4.13 ppm) and -CH3 (1.36 ppm) show 
signals clearly differentiated in the spectrum.
The two pairs the doublets at 3.37 and 4.34 ppm observed in the NMR spectrum of 
this ligand (Fig. 3.3) corresponding to the equatorial and axial protons respectively 
with a A0ax-eq=0.97 ppm, indicate that the ligand adopts a ‘cone’ conformation in this 
solvent.
OH
Hl^  0=p—o
1'95i'.QO
PPM
Fig. 3.3, *HNMR spectrum of 5,11,17,23 tetra-rer/-butyl, 25,27 bis(diethyl phosphate 
amino)ethoxy, 26,28 dihydroxycalix[4]arene, 1, in CDCI3 at 298 K.
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3.1.4 Characterization of 5, 11, 17, 23-tetra-fer/-butyl, 25, 27 bis(diethyl 
thiophosphate amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 2.
The 5, 11, 17, 23-tetra-/ert-butyl, 25, 27 bis(diethyl thiophosphate amino)ethoxy, 26, 
28 dihydroxycalix[4]arene, 2, (white crystals) was prepared in 75 % yield.
In the NMR spectrum shown in Fig. 3.4, downfield signals are observed for the 
aromatic (7.03 ppm) and the phenolic (8.59 ppm) protons while upfield signals are 
observed for the tert-butyl groups (1.15 and 1.24 ppm). The triplets found at 4.23 and 
1,32 ppm correspond to the -O-CH2- and -C H 3 respectively while those found at 
5.60 and 3.62 ppm are assigned to the -CH2-NH and -CH2-NH respectively.
The NMR spectrum shows that the ligand adopts a ^cone' conformation, since the 
axial and the equatorial protons of the methylene bridge are chemically non­
equivalent and appear as a pair of doublets at 4.34 (axial) and 3.38 (equatorial) ppm 
respectively. The difference in chemical shifts between these protons (0.96 ppm) 
indicates that this ligand is found in the ''cone' conformation in CDCI3 at 298 K.
OH
400
1 PPM
Fig. 3.4, NMR spectrum of 5,11,17,23 tetra-fer^-butyl, 25,27 bis(diethyl 
thiophosphate amino)ethoxy, 26,28 dihydroxycalix[4]arene, 2 , in CDCI3 at 
298 K.
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3.1.5 X-ray crystallographic studies of 1 and 2.
Ligand 1, Crystal data, collection procedure, structure determination methods and 
refinement results for 5, 11, 17, 23 tetra-ferr-butyl, 25, 27 bis(diethylphosphate 
amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 1 are summarised in Tables 1 (bond 
distances in Â) and 2 (bond angles °) in Appendix 3. The obtained structure re­
crystallized from MeCN corresponds to a molecular complex with an acetonitrile 
molecule in the hydrophobic cavity, l(MeCN) at 100 K. It crystallised in the triclinic 
P-1 space group with two independent molecules per asymmetric unit (Z=4). Again, 
H-bonding in the lower rim produces relatively open chalices hence affording the 
inclusion of the MeCN molecule found in the hydrophobic cavity. Fig. 3.5 shows two 
views of the molecular complex.
,024
(a) Lateral view (b) Superior inferior view
Fig. 3.5, Side views of 5, 11, 17, 23 tetra-^er^-butyl, 25, 27 bis(diethylphosphate 
amino) ethoxy, 26, 28 dihydroxycalix[4]arene, 1.
Ligand 2, Ciystal data, collection procedure, structure determination methods and 
refinement results for 5,11, 17, 23 tetra-rer^-butyl, 25, 27 bis(diethylthiophosphate 
amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 2, recrystallised from a mixture
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methanol and dichloromethane solvents are summarised in Tables 3 (bond distances) 
and 4 (bond angles) (Appendix 3). It is crystallised in the triclinic space group P2i/n 
with two molecular complexes per asymmetric unit (Z=4). One of these molecules is 
shown Fig. 3.6, in which it is observed that 2 adopts a symmetric ''cone ' conformation 
with the larger cone aperture bonded by the opposite underivatized phenyl rings. A 
pair of strong and relatively linear 0-H ...0(pendant) bonds in the lower rim 
[0(oxy)...0(pendant) distances of 2.736 and 2,710 Â and 0-H...0(pend) angles of 
173.3 and 176.0% respectively] are found. These hydrophobic slots interact with the 
dichloromethane solvent molecule included in the baskets giving rise to molecular 
complexes. Tlie upper half of only one pendant arm is anchored by a N-H...O(ox) 
bond pSf-H...O(oxy) distance of 3.102 Â and N-H...O(oxy) angle of 165.8. Despite 
this relative rigidity of the upper half of the hydrophobic cavity, the lower half shows 
appreciable flexibility. In particular, it is pre-organized toward metal complexation at 
the sulfur binding sites by rotation mainly around the N-P o-bond as shown by the 
similar torsion angles along the opposite pendant arms (with the exception of a 
disordered terminal methyl group).
.oil
021
j042
S2
(a) Lateral view (b) Superior inferior view
Fig. 3.6, Side views of 5, 11, 17, 23 tetra-^er/-butyl, 25, 27 bis(diethylthiophosphate 
amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 2.
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3.2 Solubility measurements.
In order to investigate the ability of these ligands (1 and 2) to complex metal cations it 
was necessary to study their solution properties in various solvents. Solubility data at
298.15 K are listed in Table 3.1. These data are the average of several analytical 
measurements carried out on the same saturated solution.
The standard deviations of the data were calculated from the following expression and 
are included in Tables 3.1 and 3.2.
These data are referred to the process described in eq. 3.2 for ligands, 1 and 2.
l(sol) -> l(s)
2(sol) ^  2(s) (3.2)
In eq. 3.2, sol. and s denote solid and solvent respectively.
Given that the asoi=l, the thermodynamic equilibrium constant for this process may be 
defined by.
K ° = a ,( s )  = [L]r  (3.3)
For neutral species and at relatively low concentrations in solution, the molar activity 
coefficient may be considered equal to unity. Tliese data are referred to the standard 
state of 1 mol dm" .^ Therefore K® has no units.
The relationship between K® and the standard solution Gibbs energy, AsG” is given by 
eq. 3.4
AsG® = - RT In K“ = -RT In S (3.4)
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In eq. 3.4, S, denotes the solubility on the molar scale (mol dm"^).There are two 
processes which contribute to the solution Gibbs energy, AsG® and these are described 
in the following thermodynamic cycle:
L(g)
L(sol)
(3.5)
L{8)
These are (i) the standard ciystal lattice Gibbs energy AciG ,^ and the standard 
solvation Gibbs energy, AgoivG^ . In order to remove the contribution of the AdG®, the 
transfer Gibbs energy, AtG® from a reference to other solvent at 298.15 K for the 
process described in eq. 3.6 is calculated. For this purpose, acetonitrile (MeCN) is 
taken as the reference solvent.
l(MeCN)  > l( s )
2(MeCN) ------> 2(s) (3.6)
AtG® values for 1 and 2 from acetonitrile to various solvents are also listed in Tables
3.1 and 3.2 respectively. The results show that 1 and 2 are more soluble than the 
parent calixarenes in these solvents (Table 1.1). This may be attributed to the 
extensive intramolecular hydrogen bonds in the latter relative to the former 
compounds. Moreover, the higher solubilities of 1 in some of these solvents are 
possibly due to specific solute-solvent interactions.
No quantitative data could be obtained for 1 in dichloromethane, CH2CI2, chloroform, 
CHCI3 and dimethylsulfoxide, (CHs)2SO due to the high solubility of this ligand in 
these solvents. Solvate formation was detected when 1 was exposed to a saturated
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atmosphere of the solvent. Data in Table 3.1 shows that the ability of 1 to interact 
with the solvent follows the sequence,
THF > MeOH > EtOH = BuOH > DMF > MeCN > Hex.
Table 3.1. Solubilities and derived standard Gibbs energies of solution of 1 in 
different solvents at 298.15 K, Standard Gibbs energies of transfer of 1 
from acetonitrile to various solvents.
Solvent Solubility 
(mol dm )^
AgG“ 
(kJ mol'^)
AtG®(kJmor^) 
MeCN-^ s
THF (7.95 ± 0.09) X  10'^ 6.3 ±0.2 -6.1
MeOH (5.01 ± 0.08) X 10'^ 7.4 ±0.2 -5.0
EtOH (4.20 ± 0.20) X 10'^ 7.8 ±0.2 -4.6
BuOH (4.10 ± 0.10) X  10'^ 7.9 ±0.2 -4.5
DMF (1.70 ± 0.10) X 10'^ 10.1 ±0.2 -2.3
MeCN (6.60 ± 0.10) X 10'^ 12.4 ±0.2 0.0
Hex (0.84 ± 0.03) X  10-^ 17.6 ±0.3 5.2
Abbreviations used for these solvents; THF, tetrahydrofuran, MeOH, methanol, 
EtOH, ethanol, BuOH, 1-butanol, DMF, A,iV-dimethylformamide, MeCN, 
acetonitrile, Hex, hexane
As far as 2 is concerned, this derivative is very soluble in CH2CI2, CHCI3, THF, 
DMSO and DMF to the extent that solvate formation was observed when the solid 
was exposed to a saturated atmosphere of these solvents. As a result, AgG° of these 
ligands in these solvents could not be calculated since the derivation of AgG” requires 
the same composition for the solid in equilibrium with its saturated solution
It is quite clear from Table 3.2 that as far as 2 is concerned, there are not significant 
differences between AtG° values and therefore the ligand appears to undergo the same 
extent of solvation in the various solvents considered.
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Table 3.2. Solubilities and derived standard Gibbs energies of solution of 2 in 
different solvents at 298.15 K, Standard Gibbs energies of transfer of 2 
from acetonitrile to various solvents.
Solvent Solubility AgG” AtG®(kJ mol'^)
__________________ (mol dm' )^  (kJ mol'^)__________ MeCN-> s
MeOH (1.13±0.02)xl0*^ 16.8 ±0.3 0 4
EtOH (1.23±0.05)xl0"^ 16.6 ±0.2 0.2
MeCN (1.34±0.05)xl0‘^  16.4 ±0.2 0.0
Having determined the solubilities and calculated the derived standard Gibbs energies 
o f solution and transfer of these ligands from acetonitrile to the various solvents, 
corresponding enthalphy data were measured calorimetrically at 298.15 K. These are 
discussed in the following section.
3.3 Calorimetric determination of the enthalpy of solution of 1 and 2 in
different solvents at 298.15 K.
To proceed with calorimetric measurements of these ligands in various solvents, the 
calorimeter was calibrated by the use of a standard chemical reaction suggested by 
Hill et. as described below,
3.3.1 Calibration of the calorimeter
To determine the accuracy of measurements carried out in the Tronac 450
calorimeter, a chemical calibration should be performed. Thus the enthalpy of
solution of tris(hydroxymethyl)aminomethane, THAM, (eq. 3.6) was determined. The 
experimental procedure used for the calibration of the calorimeter was described in 
the Experimental Section.
H2NC(CH2 0 H)3 + H3O+ -*  H3lsrc(CH 2 0 H)3 + H2O (3.6)
The results obtained are summarised in Table 3.3
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Table 3.3, Standard enthalpy of solution of THAM in an aqueous solution 
of HCl at 298.15 K.
W(tham) H(THAM) qs AgH®
(g) (mol) (J) (kJ m ol’)
0.01342 1.11 x W -3.28 -29.59
0.02208 1.8 2 x 10"^ -5.40 -29.62
0.03074 2.54 X lO"’ -7.58 -29.86
0.03940 3.25 X 10"'’ -9.60 -29.52
0.04806 3.97 X 10"* -11.75 -29.60
0.05672 4.68 X 10"'’ -13.83 -29.54
Abbreviations used: W(tham)> weight of THAM, n(THAM), number of moles of THAM, 
qs, heat of solution observed, AgH°, standard enthalpy of solution.
The average value of the standard enthalpy of solution of THAM was found to be 
-  29.6 ± 0.1 kJ mol'*. This value is in good agreement with the value of -29.71 kJ 
moT  ^reported in the literature*^^.
Having checked the reliability of the Tronac 450 calorimeter, standard enthalpies of 
solution of 1 and 2 in various solvents at 298.15 K were determined.
3.3.2 Standard enthalpies of solution of 1 and 2 in different solvents at 298.15 K
Calorimetric measurements at different concentrations were carried out in various 
solvents at 298.15 K to derive the standard enthalpies of solution, AgH® of 1 and 2 in 
these solvents. Prior to the determination of AgH values for the ligands, measurements 
were carried out to determine the heat involved in the breaking of empty ampoules in 
the various solvents.
i) Heat associated with the breaking of empty ampoules in these solvents at
298.15 K
Evaporation of the solvent in the free space of the ampoule is dependent on the 
vapour pressure of the solvent’ and these needs to be determined experimentally.
113
Results and Discussion
Since the vapour pressure of acetonitrile’^ , methanol’ '^’, ethanol’ '^’ at 298.15 K is 
high, the heat associated with these processes cannot be neglected. The same applies 
to the mechanical breaking of the ampoule which is dependent on the thickness of the 
glass ampoule.
Table 3.4 shows the heats of breaking the empty ampoules in the appropriate solvents 
at 298.15 K. The standard deviation of the data are also included in this Table. These 
were calculated from eq. 3.1.
Table 3.4. Heats of breaking of empty ampoules in différents solvents at
298.15 K, using the Tronac 450 Calorimeter.
Acetonitrile
Q/J*
Methanol
Q/J*
Ethanol
Q/J*
0.121
0.165
0.111
0.186
0.109
0.160
0.121
0.123
0.185
0.132
0.193
0.117
Q = 0.15 ± 0.04 J** Q = 0.13 ± 0.02 J** 
Tetrahydrofuran
Q = 0.16 ±0.04 J**
1-Butanol A^/V-dimethyl
formamide
Hexane
Q/J* Q/J* Q/J* Q/J*
1 0.013 1 0.185 1 0.038 1 0.054
2 0.042 2 0.121 2 0.010 2 0.021
3 0.027 3 0.225 3 0.022 3 0.038
>=0.03 ± 0.02 J Q=0. 18 ± 0.05 J Q=0.02 ±0.01 J** Q=0.04 ± 0.02 J
* This work
** The values are in good agreement with those reported in the literature,^^’’ ®^
In order to eliminate any background contributions due to the heat of breaking of 
empty ampoules in the appropriate solvents, corrections were applied to the total 
heats.
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ii) Determination of the enthalpies of solution of 1 in various solvents at
298.15 K
Enthalpies of solution of 1 and 2 in the various solvents at 298.15 K are reported in 
Tables 3.5 and 3.6 respectively
Table 3.5. Standard enthalpies of solution of 1 in different solvents at 298.15 K.
Acetonitrile Methanol
c (mol dm ) A sH (kJm or’) c (mol dm^) AsH (kJ m o l’)
6.61 X  10"^ 26.82 5.38x10'" 51.99
7.54 X  10'^ 26.94 9.80 X  10* 51.47
8.02 X  10* 27.89 1.57x10'* 52.95
1.40x10'* 26.51 1.69x10* 52.75
1.43 X  10'* 27.76 2.06 X  10* 52.12
2.06 X  10'* 25.70 2.14 X  10'* 52.74
2.75 X  10'* 26.87 2.60 X  10'* 50.72
AsH° = 26.9 ± 0.7 kJ mol'’ AsH° = 52.4 ± 0.6 k Jm o r’
Ethanol Tetrahydrofuran
c (mol dm^) A sH (kJm or’) c (mol dm ) AsH (kJ m o l’)
2.41 X  10'" 37.07 6.03 X  10 " 24.46
7.60x10'* 36.62 9.07 X  10 * 24.52
9.96 X  10'* 37.21 1.24 X  10'* 25.29
1.68x10* 37.70 1.57x10* 23.65
1.83 X  10 * 38.04 2.14x10* 24.38
2.64 X  10* 38.56 2.53 X  10 * 23.77
3.62x10'* 38.70 2.69x10* 24.93
AsH® = 37.7 ± 0.8 k J  mol"’ AsH" = 24.4 ± 0.6 k J  mol ’
1-Butanol iV,/V-Dimethylformamide
c (mol dm^) A sH (kJm or’) c (mol dm ) AsH (kJ m o l’)
5.97 X  10'" 50.61 3.99x10* 20.63
8.17x10'* 50.67 7.95 X  10'* 21.14
1.10x10* 50.81 1.57x10'* 21.93
1.97x10'* 51.07 1.29x10* 21.82
2.53 X  10 * 50.81 2.12x10'* 22.52
2.66 X 10* 51.12 3.62x10* 23.37
AsH° = 50.7 ± 0.2 k Jm o f’ AsH°=19.3±0.3kJmor ’ (extrap. Value)
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Hexane
c^ ^^ (mol dm' )^ AsH(kJmor^)
2 . 2 1  X  1 0 * " 52.39
2.57 X 10'^ 44.27
4.05 X  10'^ 24.19
4.44 X 10'^ 22.32
4.93 X 10'^ 10.15
AsH° = 83 ± 1 kJ mol' (extrapolated value)
When no variation was observed in the AsH values by altering the concentration of 1 
in these solvents, the standard enthalpies of solution, AgH" are given as the average 
value of AsH values at different concentrations. In hexane and N,N> 
demthylformamide, the standard enthalpy of solution was obtained from the intercept 
at zero concentration from a plot of AsH against the square root of the concentration, 
c ‘^ ,^ as shown in Figs. 3.7 and 3.8
6 0  -I
4 0  -
Intercept = 83 
R® = 0.9920 -
1 .0 E -0 3 3 .0 E -0 3
dm")
5 .0 E - 0 3
3x1/2
Fig. 3.7 Standard enthalpies of solution against the square root of the concentration of 
1 in hexane at 298.15 K.
20
1 5
Intercept = 19.25 
R* = 0.99
1 .0 E - 0 3  2 .0 E - 0 3  3 .0 E - 0 3  4 .0 E - 0 3 5 .0 E - 0 3
Fig. 3.8 Standard enthalpies of solution against the square root of the concentration of 
1 in N, N- dimethylformamide at 298.15 K.
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As far as 2 is concerned, the standard enthalpy of solution, AsH°, in acetonitrile was 
calculated as the average value of AsH values at different concentrations, while in 
methanol, the AsH values for 2 are concentration dependent. Therefore the standard 
enthalpy o f solution, AsH”, was obtained from a plot o f AsH against the square root of 
the concentration, c^ ''^  (Fig. 3.9). The intercept at zero concentration gives the value 
for the standard enthalpy of solution of this ligand in this solvent.
Table 3.6. Standard enthalpy of solution of 2 in acetonitrile and methanol at 
298.15 K.
AsH° = 20.1±0.7kJm or*
Acetonitrile Methanol
c (mol dm^) AsH (kJ mol'^) c^^^(mol dm ^ ) AsH(kJmoF^)
6 .7 7 x 1 0 ” 21.13 2.99 X 10"* 22.78
1.08x10'^ 21.29 3.34x10'^ 21.33
1.28 X  10'^ 21.05 4.68 X 10‘^ 17.28
1.88x10'^ 19.70 5.44 X 10*^ 14.16
3.27x10'^ 20.27 6.30 X  10'^ 11.05
4.16x10'^ 21.27 6.56x10'^ 10.87
AsH° = 32.9 iO.lkJ mol'* 
(extrapolated value)
.r- 20 - 
oE 15 - Intercept = 32.9 
= 0.993
2.0E-Q3 3.0E-03 4.0E-03 5.0E-03 6.0E-03 7.0E-03
Fig. 3.9 Standard enthalpies of solution against the square root of the concentration of 
2 in methanol at 298.15 K.
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The enthalpy of solution of 2 in ethanol was found to be close to the heat of breaking 
of empty ampoules in this solvent and therefore accurate measurements could not be 
performed.
Standard enthalpies of solution are the result of two processes, namely the crystal 
lattice enthalpy, AdH”, (endothermie) and the solvation enthalpy, AsoivH” 
(exothermic). In the case of ethanol, the enthalpies associated with these processes 
appear to cancel each other and the overall enthalpy value for 2 in this solvent is close 
to 0 kJ m ol'\
iii) Calculation of the entropies of solution of 1 and 2 in nonaqueous media at
298.15 K.
Availability of AsG° values (Table 3.1) and AsH” values (Tables 3.5 and 3.6) allows 
the calculation of the standard entropies of solution, AsS”, of 1 and 2 in these solvents. 
For these purposes, the following relationship was used.
AsG” =  AsH” - T A s S ” (3.8)
These data are shown in Tables 3.7 and 3.8
A quick inspection of Table 3.7 shows that the dissolution process in protic solvents 
(alcohols), inert solvent (hexane) and dipolar aprotic solvents (THF, DMF) are 
enthalpically unfavourable (positive AsH” values) and entropically favoured (positive 
AsS” values). However the latter cannot overcome the former and therefore the 
resulting Gibbs energies are unfavourable (positive values).
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Table 3.7. Thermodynamic param eters of solution of 1 in different solvents at 
298.15 K.
Solvent AsG”
(kJ mol'^)
AsH”
(kJ mol*)
AsS”
(Jm or*K *)
THF 6.3 ± 0.2 24.4 ± 0.6 61
MeOH 7.4 ±0.2 52.4 ±0.7 151
EtOH 7.8 ±0.2 37.7 ±0.8 100
BuOH 7.9 ± 0.2 50.7 ± 0.2 144
DMF 10.1 ±0.2 19.3 ±0.7 31
MeCN 12.4 ±0.2 26.9 ±0.7 49
Hex 17.6 ±0.3 83 ±1 219
As far as 2 is concerned, the dissolution process (Table 3.8) is entropically favoured 
(positive AsS” values) and enthalpy unfavoured (positive AsH” values) in MeCN and 
MeOH, while for EtOH the opposite trend is observed in terms of entropy.
Table 3.8. Thermodynamic param eters of solution of 2 in different solvents at 
298.15 K.
Solvent AsG”
(kJ mol*)
AsH”
(kJm ol*)
AsS”
(Jm ol‘*K‘*)
MeOH 16.8 ±0.3 32.9±0.1 54
EtOH 16.6 ±0.2 - 0 --5 6
MeCN 16.4 ± 0.2 20.1±0.7 12
Solution thermodynamic data for these ligands are used to calculate the standard 
Gibbs energies, enthalpies and entropies of transfer for 1 and 2 from acetonitrile to 
other solvents. These were calculated from eq. 3.9
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AtP”(MeCN^ s) -  AsP”(s) - AsP”(MeCN) (3.9)
In eq. 3.9, P denotes G, H and S. Thermodynamic parameters of transfer of 1 and 2 
from acetonitrile to other solvents are reported in Tables 3.9 and 3.10 respectively.
Table 3.9. Standard Gibbs energies, enthalpies and entropies of transfer of 1 
from acetonitrile to various solvents at 298.15 K.
Solvent AtG”(kJm or*) 
MeCN-> s
AtH"(kJ mol*) 
M eC N ^ s
AtS”(J moF*K*) 
MeCN-> s
THF -6.1 -2.5 12
MeOH -5.0 25.5 102
EtOH -4.6 10.8 51
BuOH -4.5 23.8 95
DMF -2.3 -7.6 -18
MeCN 0.0 0.0 0
Hex 5.2 56.1 170
The results in Table 3.9 show that the AtG” values for 1 from acetonitrile to protic 
solvents (alcohols) are controlled by a gain in entropy (positive) while in terms of 
enthalpy these are destabilized (positive). For THF (protophilic dipolar aprotic 
solvent) AtG” result from a favouarble contribution of enthalpy and entropy. As far as 
hexane is concerned, the positive transfer of 1 is accompanied by a gain in entropy 
(favourable) this parameter is overcome by the unfavourable enthalpy contribution. In 
most cases, 1 is enthalpically more stable in acetonitrile than in the receiving solvents.
As far as the AtG” values for 1 from MeCN to other solvents are concerned these do 
not differ significantly between each other. Large variations are observed in the Table
3.9 transfer enthalpies and entropies of this ligand to other solvents. This is the result 
of an almost complete enthalpy-entropy compensation effect. This is shown in Fig.
120
Results and Discussion
3.10 where a plot of AtH“ values against AtS® is linear with a slope close to 298 K. 
Effects like these where AtG° = 0 kJ mol*' and the enthalpy and the entropy are 
compensated have been attributed by Grunwald and Steel"’"' to solvent re­
organization. Thus, the favourable transfer enthalpies, AtH°, of ligand 1 from 
acetonitrile to the protophilic dipolar aprotic solvents (N, AT-dimethylformamide and 
tetrahydrofuran) may be attributed to the acidity of the ligand in these basic solvents.
6 0  n •  HEX
4 0  -
I3 MaOHBuOH
y  =  0 . 3 2 5 x - 4 . 1 0 5  
R* =  0 .9 7
20 -
5
-20
1 8 0-20 20 6 0 100 1 4 0
A,S° (J K " mol'h
Fig. 3.10 Plot of Standard enthalpies of transfer of 1 against standard entropies of 
transfer of 1 from acetonitrile to other solvents at 298.15 K.
As far as 2 is concerned (Table 3.10), AtH° values are mostly compensated by AtS°. 
As a result the AtG° values are close to 0 kJ mol*'.
Table 3.10. Standard Gibbs energies, enthalpies and entropies of transfer 2 from 
acetonitrile to various solvents at 298.15 K.
Solvent AtG”(kJ mol* )^ 
MeCN-» s
AtH“(kJ mol*') 
MeCN-» s
AtS*’(J mor'K*') 
M eC N ^ s
MeOH
EtOH
MeCN
0.4
0.2
0.0
12.8
- 20.1
0.0
42
- 6 8 ,
0
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Having established the thermodynamics properties o f these macrocycles in the various 
solvents in the following section, *H NMR studies on the interaction of 1 and 2 with 
metal cations in deuterated acetonitrile are discussed.
3.4 H NMR complexation studies in CD3CN at 298 K
NMR measurements were carried out in order to assess the interaction of 1 and 2 
with perchloric acid and metal cations in CD3CN at 298 K and these are now 
discussed.
3.4.1 H  NMR spectrum of 1 in acetonitrile-d at 298 K
The 'H NMR spectrum of 1 in CD3CN (see footnote in Table 3.11, Fig. 1 in Appendix 
4 and the numbering of protons of 1 are shown in Fig. 3.12) shows the characteristic 
pair of doublets of the bridging methylene protons, ArCHiAr. Thus downfield signals 
at 4.308 ppm are assigned to the endo or axial methylene protons (5) closer to the 
phenolic oxygens, while the upheld signal at 3.448 ppm is assigned to the exo or 
equatorial methylene protons(6) closer to the aromatic rings. The difference in the 
chemical shifts between these two signals is 0.90 ppm which indicates that 1 adopts a 
perfect '‘cone' conformation in CDsCN.^ '^^^
OH
9HI\
o = p -o
O
s10
11
Fig. 3.12 Structure and numbers o f protons for 1
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The NMR chemical shifts of the aromatic protons (3 and 4) of 1 are recorded at 
7.264 and 7.205 ppm. The ter/-butyl protons (1 and 2) show two upheld singlets 
(1.205 and 1.158 ppm). The phenolic protons (12) give a singlet (8.553 ppm) and the 
amine proton (9), a triplet at an intermediate held (5.186 ppm). The aliphatic protons 
7, 8 , 10, 11 give signals at 4.080, 3.525, 4.080 and 1.289 ppm respectively which can 
be clearly differentiated in the NMR spectrum in CD3CN at 298 K.
Having established the *H NMR spectrum of 1 in CD3CN, the interaction of this 
ligand with the proton and metal cations in this solvent is discussed.
3.4.1.1 *H NMR titration of 1 with perchloric acid in CD3CN at 298 K.
Table 3.11 and Fig 3.13 show the chemical shift variations of 1 in CD3CN at 298 K as 
a function of the proton/ligand (H^/1) mole ratio. Inspection of the data in Table 3.11 
reveals that on addition of perchloric acid to the ligand solution, the signal position of 
the protons for the tert-hutyl, aromatic and groups linked to the lower rim of the 
ligand are deshielded. The most marked downfield shifts seem to be those 
experienced by the methylene protons 7 (next to ethereal oxygen), 8 (next to the 
amine groups -NH-) (proton 9) and proton 10 (next to the oxygen in the pendent 
arms). Fig. 3.11 clearly shows that chemical shift changes occur gradually with an 
increase up to an acid/ligand ratio = 0.5. With the addition of an excess of the acid, 
the position of the signals remains virtually unchanged. As far as proton 9 is 
concerned, the signal position disappears upon addition of perchloric acid, which 
suggests that the ligand interacts with the proton of the acid. Shielding effects are 
observed for the axial (5) and the phenolic (OH) protons. Changes in the 
conformational geometry of the ligand are supported by the differences in the 
chemical shift changes of the axial (shielded) and equatorial (deshielded) protons 
upon protonation relative to those of the free ligand. These finding indicate that the 
protonated ligand adopts a flattened ‘cowe' confoimation*^'^^ in CD3CN.
123
Results and Discussion
Table 3.11. *H NMR chemical shifts (A5ppm) of 1 by the addition of 
perchloric acid in acetonitrile-d at 298 K
[Hl/[11 0.00 0.25 0.51 0.68 0.76 0.85 0.93 1.02 1.19 1.44 1.70
Proton-1 0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.02 0.03 0.03 0.03 0.03 0.02 0.03 0.02 0.02 0.02
4 0.00 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
5 0.00 0.04 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
6 0.00 -0.10 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.12 -0.12
7 0.00 0.08 0.11 0.11 0.11 0.10 0.10 0.10 0.10 0.11 0.11
8 0.00 0.05 0.09 0.08 0.09 0.08 0.09 0.09 0.09 0.08 0.09
9
10 0.00 0.11 0.18 0.19 0.20 0.20 0.20 0.20 0.20 0.19 0.20
11 0.00 0.04 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.07 0.07
12 0.00 -0.11 -0.16 -0.17 -0.17 -0.17 -0.17 -0.17 -0.17 -0.17 -0.16
Free ligand; 8(ppm) 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 
3.525(8), 5.186(9), 4.080(10), 1.289(11), 8.553(12)
0.2 -,
a  0.0
0.80.3 0.5
- *  11
-0.2 J
Fig. 3.13, *H NMR titration curve of 1 with perchloric acid in acetonitrile-d at 298 K
3.4.1.2, H  NMR titration of 1 with alkaline-earth metal cations (as perchlorates) 
in CD3CN at 298 K.
Tables 3.14-3,17 show the chemical shift changes induced by the addition of Mg^ '*', 
Ca^^, Sr^^and Ba^^ (as perchlorates) to a solution of 1 in CD3CN a 298 K. Inspection 
of these Tables indicates that the chemical shifts differences between each pair of the
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doublets due to the axial and equatorial hydrogens A(0ax -  ôeq) increase with 
decreasing the cation size (from 0.87 for the free ligand to 0.72, 0.73, 0.76 and 0.77 
ppm for Mg^^, Ca^% Sr^^and Ba^^ respectively). These changes suggest that the 
complexed ligand adopts a flattened '"cone’ conformation*^'*^ that becomes less 
pronounced with a decrease of the cation size. The data in the Tables also reveal that 
the methylene protons adjacent to the oxygen atoms (H-7 and H-10) show similar 
deshielding effects which might be associated with a polar influence arising from 
interaction of the oxygens with the cation. A less marked effect with the cation is 
observed for the methylene group adjacent to the nitiogen atom. These changes could 
perhaps be explained as being promoted by influences of conformational nature.
Table 3.12. H NMR chemical shifts (AS ppm) of 1 by the addition of 
magnesium(II) (as perchlorate) in acetonitrile-d at 298 K
0.17 0.34 0.51 0.68 0.85 1.02 1.36 1.70 2.04
Prot. 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.01 0.00 0.03 0.03 0.03 0.02 0.02 0.02 0.02
4 0.01 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
5 0.02 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.05
6 -0.03 -0.06 -0.08 -0.09 -0.09 -0.10 -0.10 -0.10 -0.10
7 0.01 0.06 0.07 0.09 0.07 0.07 0.08 0.08 0.08
8 0.03 0.05 0.06 0.05 0.05 0.04 0.04 0.04 0.04
9 0.02 0.08 0.11 0.03 -0.01 -0.07 -0.09 -0.09 -0.09
10 0.01 0.06 0.07 0.09 0.07 0.07 0.08 0.08 0.08
11 0.01 0.02 0.03 0.04 0.05 0.05 0.05 0.05 0.05
12 -0.01 -0.02 -0.04 -0.06 -0.09 -0.11 -0.12 -0.12 -0.12
Free ligand; Ô(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
5.186(9), 4.080(10), 1.289(11), 8.553(12)
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Table 3.13. H NMR chemical shifts (AS ppm) of 1 by the addition of calcium(II) 
(as perchlorate) in acetonitrile-d at 298 K
[Ca""]/[1] 0.17 0.35 0.52 0.69 0.86 1.04 1.38 1.73 2.07
Prot. 1 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.03 0.03 0.03 0.03 0.03 0.03 0.03
4 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
5 0.03 0,04 0.05 0.05 0.05 0.05 0.05 0.05 0.04
6 -0.02 -0.06 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09
7 0.03 0.05 0.07 0.07 0.07 0.07 0.06 0.06 0.06
8 0.04 0.03 0.04 0.04 0.04 0.04 0.02 0.02 0.02
9 0.05 0.10 0.10 0.06 0.04 0.01 -0.01 -0.03 -0.05
10 0.03 0.05 0.07 0.07 0.07 0.07 0.06 0.06 0.06
11 0.02 0.02 0.04 0.04 0.04 0.04 0.04 0.04 0.05
12 -0.01 -0.03 -0.06 -0.08 -0.08 -0.10 -0.11 -0.10 -0.11
Free ligand; ô(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
5.186(9), 4.080(10), 1,289(11), 8.553(12)
Table 3.14. H NMR chemical shifts (AS ppm) of 1 by the addition of 
strontium(Il) (as perchlorate) in acetonitrile-d at 298 K
[Sr"*]/I1] 0.15 0.30 0.44 0.59 0.74 0.89 1.04 1.41 1.70 2.00
Prot. 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.01 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.02 0.02
4 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02
5 0.01 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.03 0.03
6 -0.02 -0.05 -0.06 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
7 0.01 0.04 0.06 0.07 0.07 0.07 0.07 0.05 0.06 0.06
8 0.02 0.04 0.05 0.05 0.03 0.04 0.04 0.02 0.01 0.01
9 0.06 0.09 0.08 0.00 -0.06 -0.09 -0.12 -0.15 -0.16 -0.16
10 0.01 0.04 0.06 0.07 0.07 0.07 0.07 0.06 0.06 0.06
11 0.00 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.04 0.04
12 0.00 -0.01 -0.02 -0.06 -0.08 -0.09 -0.09 -0.09 -0,10 -0.10
Free ligand; S(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
5.186(9), 4.080(10), 1.289(11), 8.553(12)
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Table 3.15. H NMR chemical shifts (AÔ ppm) of 1 by the addition of barium(Il) 
(as perchlorate) in acetonitrile-d at 298 K
0.16 0.31 0.47 0.62 0.78 0.94 1.09 1.35 1.61 1.87 2.13
Prot. 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
3 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.02 0.02 0.02
4 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
5 0.02 0.02 0.04 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.03
6 -0.03 -0.05 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07 -0.07
7 0.05 0.05 0.06 0.05 0.06 0.07 0.07 0.07 0.07 0.07 0.07
8 0.02 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.04
9 -0.08 -0.13 -0.16 -0.16 -0.16 -0.17 -0.16 -0.16 -0.16 -0.16 -0.16
10 0.03 0.05 0.06 0.06 0.06 0.07 0.07 0.07 0.07 0.07 0.07
11 0.03 0.04 0.05 0.04 0.04 0.03 0.03 0.04 0.04 0.03 0.03
12 -0.05 -0.07 -0.08 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09
Free ligand; 5(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
5.186(9), 4.080(10), 1.289(11), 8.553(12)
0.15 1
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Fig. 3.14, ‘H NMR titration of 1 with (as perchlorate) in acetonitrile-d at 298 K
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Fig. 3.15, ‘H NMR titration of 1 with (as perchlorate) in acetonitrile-d at 298 K
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Fig. 3.16, ‘H NMR titration of 1 with Sr^ "*" (as perchlorate) in acetonitrile-d at 298 K
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Fig. 3.17, NMR titration of 1 with Ba^^ (as perchlorate) in acetonitrile-d at 298 K
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3.4.1.3 NMR titration of ligand 1 with C d^\ Hg^^^and Z n ^ \  (as
perchlorates) in CD3CN at 298 K.
Tables 3.16-3.19 and Figs. 3.18-3.21 illustrate the chemical shifts variations of 1 as a 
function of for Cd^ '*', Pb^^, Hg^^and respectively in CD3CN at 298 K.
With the exception of the signals corresponding to the amino proton, the presence of 
the latter cations induce spectra with a similar pattern to that shown by ligand 1 in the 
presence Mg^^, Ca^ ,^ Sr^^and Ba^^ respectively. Thus, the chemical shift differences 
for the bridging methylene groups A(5ax -  ôeq) are also in accordance witli a complex 
which adopts a flattened conformation. The protons of the methylene groups adjacent 
to the oxygen atoms (H-7 and H-10 respectively) exhibit a deshielding effect, whereas 
a less pronounced influence is also observed for the N-methylene (H-8) and the 
methyl protons (H-11). As regard to the signals due to the amino hydrogen, the 
presence of the cations cause their resonance positions to shift toward lower 
frequencies, reflecting a reduction in the electronic concentration around the nitrogen 
atom. These observations, together with the effect exhibited by the ethylene and ethyl 
protons signals, can be taken as an indication that en the case of Cd^^, Pb^\ Hg^^ and 
Zn^^ some interaction of the cation with both, oxygen and nitrogen donor atoms of the 
ligand may takes place.
Table 3.16. H NMR chemical shifts (Aô ppm) of 1 by the addition of 
cadmium(Il) (as perchlorate) in acetonitrile-d at 298 K.
[Cd""]/[1] 0.00 0.26 0.51 0.68 0.85 1.02 1.19 1.36 1.54 1.88 2.22
Proton-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00
2 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
3 0.00 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
4 0.00 0.01 0.02 0.02 0.03 0.02 0.03 0.03 0.03 0,02 0.02
5 0.00 0.02 0.03 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.05
6 0.00 -0.04 -0.06 -0.09 -0.10 -0.12 -0.13 -0.13 -0.14 -0.14 -0.14
7 0.00 0.03 0.06 0.07 0.08 0.09 0.09 0,09 0.09 0.09 0.09
8 0.00 0.02 0.02 0.03 0.04 0.04 0.03 0,03 0.03 0.03 0,03
9 0.00 0.03 0.05 0.05 0.05 0.04 0.03 0.02 0.02 0.02 0.02
10 0.00 0.03 0.07 0.07 0.07 0.08 0.09 0.09 0.09 0.09 0.09
11 0.00 0.02 0.04 0.04 0.05 0.05 0.06 0.06 0.06 0.05 0.05
12 0.00 -0.04 -0.07 -0.08 -0.10 -0.11 -0.12 -0.12 -0.12 -0,12 -0.12
Free ligand; 8(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
5.186(9), 4.080(10), 1.289(11), 8.553(12)
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Fig. 3.18, 'H NMR titration of 1 with (as perchlorate) in acetonitrile-d at 298 K
Table 3.17. H  NMR chemical shifts (AÔ ppm) of 1 by the addition of lead(II) (as 
perchlorate) in acetonitrile-d at 298 K
0.30 0.60 0.79 0.99 1.09 1.19 1.39 1.59 1.89 2.18
Proton-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
4 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
5 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
6 -0.07 -0.10 -0.12 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13
7 0.05 0.08 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10
8 0.04 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
9 0.14 0.14 0.11 0.09 0.09 0.09 0.09 0.09 0.09 0.09
10 0.05 0.08 0.09 0.10 0.10 0.10 0.10 0.10 0.10 0.10
11 0.03 0.05 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06
12 -0.05 -0.08 -0.10 -0.11 -0.11 -0.11 -O.'ll -0.11 -0.11 -0.11
Free ligand; 8(ppin); 1.205(1), 
5.186(9), 4.080(10),
1.158(2), 7.264(3), 7.205(4), 4.308(5), 3.448(6), 4.080(7), 3.525(8), 
1.289(11), 8.553(12)
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Fig. 3.19, NMR titration of 1 with Ph (as perchlorate) in acetonitrile-d at 298 K
Table 3.18. H NMR chemical shifts (A5 ppm) of 1 by the addition of mercury(II)
(as perchlorate) in acetonitrile-d at 298 K
[Hg"*]/[1] 0.17 0.34 0.51 0.68 0.85 1.03 1.20 1.37 1.54 1.71 1.88
Proton-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02
4 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.03 0.03
5 0.01 0.02 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.05
6 -0.02 -0.03 -0.05 -0.06 -0.08 -0.09 -0.10 -0.11 -0.11 -0.11 -0.10
7 0.00 0.00 0.02 0.01 0.03 0.06 0.07 0.07 0.07 0.09 0.09
8 0.02
9
10 0.03
0.03 0.04 0.05 0.05 0.06 0.07 0.07 0.08 0.08 0.08
0.06 0.08 0.10 0.11 0.12 0.13 0.14 0.14 0.15 0.15
11 0.00 0.00 0.02 0.01 0.03 0.05 0.07 0.07 0.08 0.09 0.09
12 -0.02 -0.05 -0.07 -0.09 -0.10 -0.11 -0.12 -0.13 -0.13 -0.13 -0.13
Free ligand; 6(ppm); 1.205(1), 1.158(2), 7.264(3), 7.205(4), 
5.186(9), 4.080(10), 1.289(11), 8.553(12)
4.308(5), 3.448(6), 4.080(7), 3.525(8),
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Fig. 3.20, NMR titration of 1 with Hg^^, (as perchlorate) in acetonitrile-d at 298 K
Table 3.19. H NMR chemical shifts (AS ppm) of 1 by the addition of zinc(Il) (as 
perchlorate) in acetonitrile-d at 298K
[Zn"]/[1] 0.34 0.69 0.80 0.92 1.03 1.15 1.38 1.72 2.18
Proton-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 0.02
4 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
5 0.04 0.06 0.06 0.06 0.05 0.06 0.05 0.05 0.05
6 -0.07 -0.11 -0.12 -0.13 -0.13 -0.14 -0.14 -0.14 -0.14
7 0.07 0.10 0.10 0.11 0.11 0.11 0.10 0.09 0.09
8 0.03 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.04
9 0.21 0.23 0.20 0.17 0.14 0,12 0.10 0.08 0.06
10 0.07 0.10 0.10 0.11 0.11 0.11 0.10 0.09 0.09
11 0.04 0.06 0.07 0.07 0.07 0.07 0.06 0.06 0.06
12 -0.07 -0.11 -0.12 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13
Free ligand; 5(ppm); 1.205(1), 1. 158(2), 7.,264(3), 7,205(4), 4,,308(5), 3.448(6), 4.080(7), 3,.525(8),
5.186(9), 4.080(10), 1.289(11), 8.553(12)
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Fig. 3.21, *H NMR titiation of 1 with (as perchlorate) in acetonitrile-d at 298 K 
3.4.2 H NMR spectrum of 2 in acetonitrile-d at 298 K
OH
9HN
8=^-0^
11
Fig. 3.22, Structure and numbers of protons for 2
The NMR spectrum of 2 in CD3CN (see footnote in Table 3.20, Fig. 2 in Appendix 
4, and the numbering of protons 2 are shown in Fig. 3.22) exhibits a pattern similar to 
that corresponding to ligand 1. Thus, it shows a pair of doublets arising from the 
bridging methylene protons (Haxiai and Hequatoriai respectively), with a chemical shift 
difference between the doublets of 0.87 ppm indicating that the ligand presents a 
‘cone’ conformational structure. The spectrum also shows two signals arising from 
the /er/-butyl protons (1.21 and 1.16 ppm respectively), two singlets for the aromatic 
hydrogens at 7.26 and 7.21 ppm respectively and two peaks due to the phenolic (H-
133
Results and Discussion
12) and the amino (H-9) protons at 857 and 5.70 ppm respectively. The methylene 
protons (H-7, H-8 and H-10) show signals at 4.09, 3.64 and 4.09 ppm respectively 
and the signal arising from the methyl group (H-11) appears at 1.30 ppm.
3.4.2.1 H NMR titration of 2 with perchloric acid in CD3CN at 298 K.
The *H NMR titration of 2 with perchloric acid in CD3CN at 298 K is shown in Table 
3.20 and Fig. 3.23. No significant variations in the chemical shifts of the bridging 
methylene protons are observed during the course of the titration. This could suggest 
that no conformational modification of the ligand structure occurs. The most 
remarkable changes induced by the acid are those exhibited by the amine hydrogen 
which appears to be subjected to a significant deshielding effect. Fig. 3.23 illustrates 
that increasing concentrations of perchloric acid (up to [H^]/[2] =4) gradually move 
downfield the amine proton signal in a rather constant way, which seems difficult to 
reconcile with the protonation of the amino group.
Table 3.20. H NMR chemical shifts (Aô ppm) of 2 by the addition of perchloric 
acid in acetonitrile-d at 298 K
[H"]/[2] 0.00 0.47 0.95 1.42 1.66 1.89 2.13 2.60 3.32 4.03
Proton-1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
3 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
6 0.00 -0.01 -0.01 -0.02 -0.02 -0.02 -0.03 -0.03 -0.03 -0.03
7 0.00 0.02 0.03 0.04 0.04 0.04 0.04 0.05 0.06 0.07
8 0.00 0.01 0.01 0.00 0.02 0.03 0.02 0.03 0.04 0.04
9 0.00 0.07 0.13 0.18 0.20 0.22 0.24 0.27 0.31 0.34
10 0.00 0.02 0.03 0.04 0.04 0.04 0.04 0.05 0.06 0.08
11 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
5.697(9), 4.091(10), 1.296(11), 8.565(12)
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Fig. 3.23, NMR titration of 2 with perchloric acid in acetonitrile-d at 298 K
S.4.2.2 H NMR titration of 2 with mercury(II), (as perchlorate) in CD3CN at 
298 K.
Table 3.21 shows the chemical shift variations of 2 in CD3CN at 298 K as a function 
of increasing Hg^^ concentrations. A plot of the downfield shift values experienced by 
the amino hydrogen (Figs. 3.24) illustrates that the changes increase gradually up to 
[Hg^^]/[2]=1:1 consistent with the formation of a 1:1 complex. It may also be 
observed that the signals due to H-7, H-8 and H-10 respectively show significant 
deshielding effects, also found to a lesser extent for H-11. A further point of interest 
arises from the observation that increasing amounts of the mercury salt exert a larger 
influence on the P-O-methylene protons (H-10) relative to the effect caused on the 
protons of methylene adjacent to nitrogen (H-7). This fact could perhaps be associated 
with restriction of rotations accompanying the complexation. As to the resonance 
positions of the remaining protons (Table 3.21) they do not show significant changes 
except for the bridging methylene groups for which the chemical shift differences (ôax 
-ôeq) become sensibly smaller (from 0.87 to 0.50 ppm), supporting the previous 
suggestion of changes of conformational nature.
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Table 3.21. ‘h N M R chem ical shifts (A ôppm ) o f 2 by the addition o f
m ercury(II) (as perchlorate) in acetonitrile-d at 298K
0.17 0.52 0.69 0.86 0.95 1.04 1.21 1.38 1.55 1.73 1.90
Prot. 1 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
2 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
3 0.01 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
4 0.01 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
5 0.03 0.09 0.12 0.12 0.13 0.12 0.12 0.12 0.12 0.12 0.12
6 -0.08 -0.16 -0.18 -0.19 -0.19 -0.20 -0.19 -0.19 -0.19 -0.19 -0.19
7 0.03 0.09 0.10 0.16 0.16 0.15 0.15 0.15 0.15 0.15 0.15
8 0.07 0.14 0.17 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
9 0.22 1.01 1.22 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
10 0.11 0.24 0.34 0.34 0.35 0.36 0.36 0.36 0.36 0.36 0.36
11 0.04 0.10 0.11 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
12 -0.08 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04
Free ligand;S (ppm ); 1.206(1), 1.155(2), 7 .264(3), 7 .209(4), 4 .279(5), 3 .456(6), 4 .091(7 ), 3 .640(8), 
5.697(9), 4 .091(10), 1 .296(11), 8.565(12)
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Fig. 3.24, NMR titration of 2 with Hg^^ (as perchlorate) in acetonitrile-d at 298 K
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3.4.1.3 H NMR titration of 2 with silver(I), (as perchlorate) in CD3CN at 298 K.
Table 3.22 and Fig. 3.25 show chemical shift changes of 2 by the addition of the 
silver metal cation (as perchlorate salt) in CD3CN a 298 K. No significant chemical 
shift changes are observed for the tert butyl and aromatic protons of the upper rim. 
Deshielding effects are observed in the lower rim, the equatorial proton (6), the 
methylene protons adjacent to the O donor atoms, (7 and 9), the methylene proton 
adjacent to the N donor atoms, (8) and the amine gioup (NH), indicating that the 
metal cation interacts with S, O and N donor atoms. Shielding effects are observed in 
the axial proton (5) and the phenolic proton, (OH). However, the chemical shift 
changes in the protons 7 and 10 are the same which may indicate that this cation is 
interacting with the oxygen and sulphur donor atoms. The differences in the chemical 
shift changes between the axial and the equatorial protons upon complexation are 
smaller than those for the free ligand indicating a flattened ’‘cone’ conformation for 
the metal-ion complex.
Table 3.22. H NMR chemical shifts (AÔ ppm) of 2 by the addition of silver(I) (as 
perchlorate) in acetonitrile-d at 298 K
[Ag1/[2] 0.24 0.47 0.71 0.89 1.01 1.13 1.36 1.60 1.96 2.31
Prot. 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
3 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02
4 0.00 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
5 -0.02 -0.03 -0.04 -0.05 -0.05 -0.05 -0.06 -0.06 -0.06 -0.06
6 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
7 0.02 0.04 0.05 0.06 0.05 0.08 0.09 0.08 0.08 0.08
8 0.03 0.06 0.05 0.06 0.06 0.08 0.09 0.08 0.08 0.08
9 0.06 0.10 0.13 0.15 0.16 0.17 0.18 0.17 0.20 0.22
10 0.02 0.04 0.05 0.06 0.05 0.08 0.09 0.08 0.08 0.08
11 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03
12 -0.01 -0.01 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
F ree ligand; ô(ppm ); 1.206(1), 1.155(2), 7 .264(3), 7 .209(4), 4 .279(5), 3 .456(6), 4 .091(7 ), 3 .640(8), 
5 .697(9), 4 .091(10), 1 .296(11), 8 .565(12)
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Fig. 3.25, *H NMR titration of 2 with Ag"^  (as perchlorate) in acetonitrile-d at 298 K
Having established possible sites of proton-ligand and cation-ligand interactions 
through NMR measurements the next section concerns the determination of the 
autoprotolysis constant of acetonitrile at 298.15 K.
3.5 Determ ination o f the antoprotolysis constant, K a o f acetonitrile at 298.15 K. 
(Definition o f the pH scale).
Acetonitrile was the solvent selected as the reaction medium, because most of the 
work previously reported on the complexation of calixarenes with metal cations has 
been carried out in this solvent^^. With a few exceptions, acetonitrile is a poor solvator 
for cations^^*’.
Acetonitrile has an intermediate dielectric constant, (36.01 at 298.15 a large 
dipole moment, (3.84 D e b y e ) v e r y  low basicity and virtually negligible acid 
properties.
It is assumed that acetonitrile (CH3CN) undergoes dissociation according to the 
following process,
2 CH3CN < ^ CH3CNH'^ +CH 2CN- (3.10)
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In these equations, the ionic species are CHgCNH^ (protonated solvent) and CHaCN" 
(deprotonated solvent). The autoprotolysis constant, Ka for the process described in 
eq. 3.10 in terms of activities is given by
tr _ C^HjCNH* '^ CH^CN- ^-is
(CH3CN)
The activity of the solvent is assumed to be unity. Therefore, the autoprotolysis 
constant, K a , for acetonitrile can be defined as
~ C^HyCNH* ‘^ CH^CN- (3.12)
The Ka value for acetonitrile was experimentally determined by potentiometry at
298.15 K. For this purpose, the standard potential of the electrochemical cell (mV) in 
an excess of acid (Ea°) (eq. 3.13) and in an excess of base (Ey°)^^  ^ (eq. 3.14), were 
determined by the use of the Nernst equation.
^  = (3.14)
In these equations, E, E°, R, T, n and F denote the electrode potential, the standard 
electrode potential, the gas constant, the absolute temperature in K, the number of 
electrons involved in the reaction and the Faraday constant respectively.
Substracting eq. 3.14 from eq. 3.13 it follows that.
2 303
+ 1 0 8 ^ ™ -)  = ^ » (3.15)
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Substituting eq. 3.12 in eq. 3.15 and considering n=l if  follows that 2.303 RT/nF 
=59.16 mV, at 298.15 K, the autoprotolysis constant of the solvent can be calculated 
from eq. 3.16
p K ,= -\o % K , = ^^l^59.16
The activities of the protonated and deprotonated species in eqs 3.13 and 3.14 were 
calculated from eq. 3.17
and (3.17)
In eq. 3.17, y± is the mean molar ionic activity coefficient, which was evaluated by the 
extended Debye-Huckel equation (eq. 3.18)
The Debye-Huckel constants, A and B are given by
A = 1.825x10" isTy^'^  mol‘‘^  ^dm^ ^^  (3.19)
B = 5 m 9 x W \sT )-^ '^  m'^mol'^dm^^ (3.20)
As far as the values o f these constants in acetonitrile are using in this work are 
A= 1.6642 m o l'^  dm^^
B= 0.4857 Â ' ^ m o F dm^ ^^
In eq. 3.18, z+ and z. are the charges of the cation and anion respectively and I is the 
ionic strength of the solution’
The value used for the dielectric constant, e, of acetonitrile was 3 6 . 0 1 at 298.15 K 
and the ionic size parameter, â, was assumed to be 2 Â. Potentiometric data for the 
calculation of Ea® and Ey° in acetonitrile at 298.15 K are reported in Tables 7 and 8 
respectively. (Appendix 4).
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From potentiometric data, the p Ka value of acetonitrile was calculated. 
pKa= 30.15 ±0.05
Therefore
K a  = 7.08x10'^’
The Ka value is referred to the standard state of 1 mol dm'^ for CHaCNH^ and 
CH3CN' respectively.
Although potentiometric titration experiments were not carried out to calibrate the 
electrochemical cell, the Nemstian response of the cell was evaluated simultaneously 
in the determination of Eg” and Eb°. Thus the constant standard potential values 
(Ea°=l 140.5 ± 1 . 6  mV and Eb® =-639.2 ±2.4 mV) reported in Tables 1 and 2 
(Appendix 4) corroborated the Nemstian response of the cell. The acid-base 
properties usually quantified by the autoprotolysis constant, Ka, of this solvent must 
be similar. This statement is substantiated by the similar p Ka values for acetonitrile 
shown in Table 3.23
Table 3.23. Comparison of the literature p Ka values and the value obtained in 
this work in acetonitrile at 298.15 K
Solvent PK a Method
Acetonitrile 2 8 .6 ’®^ emf
26.5'^® KaXKb*
26.0*7* emf
>32.2*7* KaXKb
30.15** KaX Kb
* KaxKb. An indirect way of obtaining pKa is provided by the fact that the 
product of the acidity constant Ka and the basicity constant Kb of an acid-base 
conjugate pair gives the autoprotolysis constant of the solvent Ka = KaX Kb).
** This work.
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3.6 Determination of protonation constants (Klh) of 1 and 2 in acetonitrile at
298.15 K.
Having established by *H NMR experiments the interaction 1 or 2 with perchloric 
acid, the potentiometric technique was used to determine the protonation constants of 
these ligands. Both ligands have NH groups in the pendant arms that can undergo 
protonation in the presence of an acid in acetonitrile (H^) according to the equilibrium 
given by eq. 3.21
^  T  X T + /L(CH3CN) +H "(CH 3CN) <- .........  " LH ICH 3CN) (3.21)
The protonation constant for the process described in eq. 3.21 is shown in equation 
3.22.
^LH = (3.22)
±H*
On the assumption that yl= 1, y±H=J±LHi> eq. 3.22 can be expressed in terms of molar 
concentrations (eq. 3.23).
<=■“ >
The [H^] value was quantified in the course of the potentiometric titration from the 
measured emf (E) using eq. 3.24
The Ea° value is the same as that defined in eq. 3.13 for the determination of the
autoprotolysis constant of acetonitrile.
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The electrochemical cell described in section 2.2 was used for the determination of 
the acid-base properties of 1 and 2. The calibration curve, which is a plot o f E against 
-log[H^] is shown in Fig. 3.26. A slope of 59.62 mV (Nemst constant) was 
calculated. This value is close to the reported value in the literature at 298.15 K (59.16 
mV) and the intercept is the standard potential, E°, equal to 1041.6 mV. The Nemstian 
behaviour was observed for this system.
840
620I
uT ya -59.62(-log[H*]) +1041.6 
R* = 0.99
800
780
3.0 4.2 4.443.4 3,8
Fig.3.26, Calibration curve for the pH electrode using a solution of H C IO 4 in 
acetonitrile at 298.15 K
Typical potentiometric titration curves for the stepwise addition of 1 or 2 to a vessel 
containing a solution of perchloric acid in acetonitrile at 298.15 K are shown in Figs. 
3.27 (i) and 3.28 respectively. A plot of ôE/ôV against the ligand:HC104 ratio (1:2) is 
shown in Fig. 3.27(ii). In these Figs. only one inflection point is observed. Thus the 
titration end point associated with the interaction of 1 with the proton suggests the 
formation of the diprotonated species in acetonitrile.
l(MeCN) + 2H^(MeCN) H2l^^(MeCN) (3.25)
In order to determine the individual protonation constants of 1 in acetonitrile, 
(potentiometry titration data. Table 1 Appendix 5), the computer program known as
S U P E R Q U A D w a s  used. Thus, the log K lh values estimated for the processes 
described by equations 3.26 and 3.27 are listed in Table 3.24.
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1(æ) +  ^ > H l\s)
m \s)+H *{s)  —£ïï2-> (s)
(3.26)
(3.27)
Table 3.24. Protonation constant values of 1 in acetonitrile a t 298.15 K 
derived from potentiometric data.
Ligand log Klhi log K lh2 A(l0g KLHl-lOgKLHî)
6.67 ±0.02 4.95 ± 0.03 2.72
From log Klh values, plot of the species distiibution against the pH of the medium 
were obtained. These are shown in Fig. 3.28. An analysis of this plot indicates that the 
monoprotonated HI^ is the most stable specie in solution at pH ca. 5.7 while the 
composition of the solution changes from the one containing the protonated form at 
pH 3.5 to the unprotonated species of the ligand at pH 7. The composition of Hl^^ 
decreases as a function of the pH of the medium in opposite trend to the behaviour of 
the ligand.
800
UJ 700
600
0.0 2.01.0 1.50.5 [i]/[Hao4]
Fig. 3.27, Potentiometric titration curve (i) and first derivative to indicate the end 
point (ii) for the potentiometric titi*ation of H CIO 4 with 2 in acetonitrile at 
298.15 K.
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Fig. 3.28, Species distribution for 1 in acetonitrile at 298.15 K.
In Fig. 3.29, the potentiometruc titration curve for 2 and percloric acid in acetonitrile 
at 298.15 K is shown. No inflection point was noted at any ligandiproton ratio which 
may indicate that the ligand is unlikely to protonate.
880 1
875 -
• • •
865 -
860
3.01.0 1.5 2.0 2.50.0 0.5
Fig. 3.29, Potentiometric curve for the titration of HCIO4 with 2 in acetonitrile at 
298.15 K.
In an attempt to establish the composition of the complexes formed between the 
ligands and metal cations, conductance measurements were performed and these are 
now discussed.
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3.7 Conductometric studies.
Conductance measurements as a function of the ligand: cation ratio can be used to 
assess the interaction taking place between the ligand and ionic species in solution 
and to determine the strength and stoichiometry of the complex. These measurements 
show three types of behaviour.
i) Plots showing two straight lines intersecting at the appropriate reaction
stoichiometry when strong complexation occurs.
ii) Plots with a defined change in curvature at the stoichiometry of the
reaction for complexes of moderate stabilities.
iii) Plots with a slight (or non-existing) slope and without any indication of a
change in slope at any given mol ratio for very little or no complexation.
Conductance measurements of 1 and 2 and metal cations in different solvents were 
performed and these are now discussed. Prior to these measurements, the conductivity 
cell constant was determined and this is now discussed.
3.7.1 Calculation of the conductivity cell constant at 298.15 K
For the determination of the cell constant, 0 (cm'*), values, (see Experimental
Section) the concentrations of KCl (0.1 mol dm'^), specific conductivity data; S (O'*) 
and molar conductance. Am (fl'*cm^ mol'*) at 298.15 K are listed in Table 3.25. The 
standard deviation of the data (a) was calculated from eq. 3.1.
The average value of the conductivity cell constant was found to be 1.03 ± 0.01 cm'* 
at 298.15 K. This value was used for the calculation of the molar conductance values 
in the conductometric titrations of the metal cations with the ligand in nonaqueous 
media.
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Table 3.25. Conductance data against the concentration of KCl in water at 
298.15 K  for the determination of the conductivity cell constant.
madd(g) mT(g) V(ml) [KCl] S (Q-*) Am 6 (cm-i)
0.3582 0.3882 0.39 1.90x10"'' 2 4 8 x 1 0 ^ 138.73 1.06
0.3642 0.7524 0.75 3.62x10-2 4.81 x10'2 136.04 1 . 0 2
0.1894 0.9418 0.94 4 .4 9 x 1 0 ^ 5.95x10"^ 135.22 1 . 0 2
0.2477 1.1895 1.19 5.61 x10"2 7.39x10"^ 134.52 1 . 0 2
0.2062 1.3957 1.40 6.52x10-2 8.54 X 10"^ 134.16 1 . 0 2
0.1406 1.5363 1.54 7.13x10-2 9.32 X 10-3 134.00 1 . 0 2
0.0887 1.6250 1.63 7.51 x10"2 9.79x10-3 133.93 1.03
0.0872 1.7122 1.72 7.88x10-2 1.03x10-2 133.89 1.03
0.1423 1.8545 1 . 8 6 8.48 X 10-2 1 .1 0 x 1 0 - 2 133.85 1.03
0.1289 1.9834 1.99 9.02x10-2 1.17x10-2 133.86 1.03
0.2363 2.2197 2.23 9.98 X 10-2 1.28x10-2 133.96 1.04
0.1632 2.3829 2.39 1 .0 6 x 1 0 ’^ 1.36x10-2 134.08 1.05
Abbreviations used: niadd, weight of KCl solution added; nix total weight of KCl; V 
total volume added of KCl.
3.7.2 Conductance measurements for 1 and 2 in acetonitrile at 298.15 K
To ensure the neutrality of the ligands, conductance measurements were performed in 
acetonitrile at 298.15 K.
Results in Table 3.26 show the specific conductivity, k ,  at different concentrations of 
1 in the conductimetric cell. These values suggest that 1 is a neutral macrocycle 
because the k  values are close to zero. These findings suggest that this ligand does not 
have conductivity.
147
Results and Discussion
Table 3.26. Variation of conductivity (kappa) with the addition of 1 in 
acetonitrile at 298.15 K.
[jjl/2 K  (S cm'*) K  (S cm'*)
5.69x10" 0.00 1.64x10-3 0.35
6.86 X 10'3 0.05 1.73x10-3 0.37
7.75x10-3 0.07 1.79x10-3 0.39
8.75 X  10-3 0.10 1.83 X  10-3 0.40
1.01 X  10*2 0.14 1.89 X 10-3 0.42
1.09 X  10-3 0.17 1.92x10-3 0.43
1.19 X  10-3 0.21 1.97x10-3 0.45
1.28 X  10-3 0.23 2.02 X 10-3 0.47
1.34x 10‘3 0.25 2.06 X 10-3 0.48
1.41 X 10"3 0.27 2.10 X 10-3 0.49
1.47 X  10-3 0.30 2.14x10-3 0.51
1.56 X  10-3 0.32 2.18 X  10-3 0.52
As far as 2 is concerned, the values obtained of the specify conductivity, k ,  by altering
the concentration of 2 in acetonitrile at 298.15 K do not show any significant
variation. Indeed data in Table 3.27 are close to zero. These findings suggest that this
ligand does not have conductivity and consequently it is in its neutral form.
Table 3.27. Variation of conductivity (kappa) with the addition of 2 in
acetonitrile at 298 K.
k(S cm'*) 12]*'' k(S cm'*)
0.00 0.00 8.41 X  10'" 0.04
2.36 X 10-3 0.00 8.74 X 10-3 0.04
3.34 X 10-3 0.01 9.04 X  10-3 0.04
4.04 X 10-3 0.01 9.36 X 10-3 0.04
4.68x10-3 0.01 9.79 X 10-3 0.05
5.39 X 10-3 0.02 1.01 xlO-3 0.05
5.84 X 10-3 0.02 1.04x10*3 0.06
6.35x10-3 0.02 1.08 X 10-3 0.06
6.88 X 10-3 0.03 1.12x10*3 0.06
7.28 X 10-3 0.03 1.14x10-3 0.06
7.66x10-3 0.03 1.17x10*3 0.07
8.06 X 10-3 0.04 1.19 X 10*3 0.07
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Having established the neutrality of these ligands in acetonitrile, conductometric 
titrations of metal cations with the appropriate ligand were carried out in order to 
establish the stoichiometry of the metal-ion complexes and these are now discussed.
3.7.3 Conductometric titrations of univalent metal cations (L i \  N a \  and 
A g^ (as perchlorate salts) with 1 in acetonitrile at 298.15 K.
As far as the alkali-metal and silver cations and 1 are concerned, conductance data 
showed no indication of a change of slope at any given molar ratio in MeCN at
298.15 K, (see Figs. 3.30 - 3.33). An inspection of the titration curves involving 
alkali-metal cations clearly show that there is very weak or lack of interaction 
between these cations and these ligands in this solvent. The conductance titration 
curves indeed do not show changes in Am as the ligand:metal cation [1]/[M^] ratio is 
altered. The molar conductance values at infinite dilution for these salts are 170, 
180.63, 187.41 and 186.69 fl'^cm^ mof* respectively for lithium, sodium, potassium 
and silver (as perchlorates) in acetonitrile at 298.15 These values are close to 
tiiose obtained in this work for the metal-ion salts (169.4, 179.8, 186.8 and 185 Q" 
*cm  ^mol'^ for Li^, Na^, and Ag'*' perclorates respectively) prior their titration with 
the ligand.
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Fig. 3.30, Conductometric curve for the titration of lithium(I) (as perchlorate) with 1 
in acetonitrile at 298.15 K.
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Fig. 3.31, Conductometric curve for the titration of sodium(I), (as perchlorate) with 1 
in acetonitrile at 298.15 K.
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Fig. 3.32, Conductometric curve for the titration of potassium(I) (as perchlorate) 
with 1 in acetonitrile at 298.15 K.
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Fig. 3.33, Conductometric curve for the titration of silver(I) (as perchlorate) with 1 in
acetonitrile at 298.15 K.
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3.7.4 Conductometric titrations of alkaline-earth metal cations (M g^\ C a^\ 
Sr^^ and Ba^^ (as perchlorate salts) with 1 in acetonitrile at 298.15 K.
Figs. 3.34-3.37 show conductimetric titration cui*ves for M g^\ Sr^^ and Ba^^ 
(perchlorate as counter-ion respectively) in acetonitrile at 298.15 K. As far as these 
cations are concerned, the titration curves show a decrease in conductance from A to 
B until a value of 1 is reached for the ligandrmetal cation ratio. These changes in the 
Am values are more pronounced than those observed from B to C, where a second 
break is observed at a ligand:metal cation ratio of approximately 2. From C to D, Am 
values remain almost constant.
The sharp change from A to B is due to the conversion of a relatively small cation 
into a large one, (eq. 3.28) which result in a reduction in cation mobility 
and therefore a decrease in conductance (eq. 3.28).
M ^^(CH3C N ) +  1(CH3CN) M^^1(CH3CN) CT28)
It is quite clear that from 1 to 2 1/M^^ ratio (B to C) (eq.3.29), no dramatic change in 
conductance is observed.
M^‘*'1(CH3CN) + 1 (CH3CN) -»  M2+l2(CH3CN) (3.29)
3 0 0  -1
E 2 6 0  -
220
1 .5 2.0 2 .51.00.0 0 .5
[1]/[Mg'1
Fig. 3.34, Conductometric curve for the titration of magnesium(II) (as perchlorate)
with 1 in acetonitrile at 298.15 K.
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Fig. 3.35, Conductometric curve for the titration of calcium(II) (as perchlorate) with 
1 in acetonitrile at 298.15 K.
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Fig. 3.36, Conductometric curve for the titration of strontium(II) (as perchlorate) with 
1 in acetonitrile at 298.15 K.
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Fig. 3.37, Conductometric curve for the titration of barium(II) (as perchlorate) with 
1 in acetonitrile at 298.15 K.
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3.7.5 Conductometric titrations of heavy metals cations (Pb% C d^\ Cn^^, 
and Zn^^ (as perchlorates) with 1 in acetonitrile at 298.15 K.
Changes in conductance in the titration of Pb^^, Cd^^, Cu^ "^ , and Zn^^ metal 
cations and 1 (Figs. 3.38-3.40) clearly demonstrated that these curves result from the 
combination of two linear segments (AB and BC) with a well defined curvature at a 
ligand:cation ratio = 1. These findings suggest the formation of 1:1 complexes of 
moderate stability in acetonitrile at 298.15 K. Since the electrolyte salt was placed in 
the conductance vessel, the decrease in molar conductance on addition of 1 is 
attributed to the increase in size of the complexed cation relative to that of the free 
cation. As far as mercury and zinc are concerned, the titration curves (Figs. 3.41-3.42) 
show a slope which is gradually changing. Therefore the point of intersection 
corresponding to the stoichiometry of the reaction were obtained by extrapolating the 
slope of the curve at low and high ligand:metal cation ratios to give 1:1 complexes in 
acetonitrile at 298.15 K. Conductometric titration data are reported in Appendix 6, 
Tables 1 - 5 .  Corresponding data for 2 and metal cations in acetonitrile are now 
discussed.
i
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E
f  * *#
[U/[Pb*T
Fig. 3.38, Conductometric curve for the titration of lead(II) (as perchlorate) with 1 in 
acetonitrile at 298.15 K.
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Fig. 3.39, Conductometric curve for the titration of cadmium(II) (as perchlorate) with 
1 in acetonitrile at 298.15 K.
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Fig. 3.40, Conductometric curve for the titration of copper(II} (as perchlorate) with 1 
in acetonitrile at 298.15 K.
I
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Fig. 3.41, Conductometric curve for the titration of mercury(II) (as perchlorate) with
1 in acetonitrile at 298.15 K.
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Fig. 3.42, Conductometric curve for the titration of zinc(II) (as perchlorate) with 1 in 
acetonitrile at 298.15 K.
3.7.6 Conductometric titrations of univalent metal cations (Li^, N a \ and 
A g^ (as perchlorate salts) with 2 in acetonitrile at 298.15 K.
Results from conductimetric measurements for alkali-metal cations and 2 (Fig. 3.43- 
3.45) reveal that this macrocycle does not interact with these metal cations in 
acetonitrile at 298.15 K. The non-existent slopes at any given ligand/metal cation ratio 
suggest that complexation is very week or does not take place. On the other hand the 
presence of the sulphur donor atoms in 2 leads to the formation of a relatively weak 
complex with Ag"^ . The composition of the complex is 1:1 (ligand:metal cation) (Fig. 
3.44) in acetonitrile. The fact that acetonitrile is a good solvator for the silver cation 
does not favour complexation in this solvent^
200  -1
? 180 -oE 160 -Eu
(d 140
1 120
100
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[2]/[Lr]
Fig. 3.43, Conductometric curve for the titration of lithium(I) (as perchlorate) with 2
in acetonitrile at 298.15 K.
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Fig. 3.44, Conductometric curve for the titration of sodium(I) (as perchlorate) with 2 
in acetonitrile at 298.15 K.
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Fig. 3.45, Conductometiic curve for the titration of potassium(I) (as perchlorate) 
with 2 in acetonitrile at 298.15 K.
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Fig. 3.46, Conductometric curve for the titration of silver(I) (as perchlorate) with 2
in acetonitrile at 298.15 K.
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3.7,7 Conductometric titrations of alkaline-earth metal cations (Mg^^, C a^\ 
Sr^^ and Ba^^ (as perchlorate salts) with 2 in acetonitrile at 298.15 K.
Measurements of the variation of the electrical conductance by the addition of 2 to the 
solution of the metal cations in the conductance cell in acetonitrile at 298.15 K (Fig. 
3.47-3.50) show no indication of a change in slope at any ligand/metel cation molar 
ratio. These findings indicate that the complexation process of these cations with 2 
does not take place in this solvent.
Fig. 3.47, Conductometric curve for the titration of magnesium (II) (as perchlorate) 
with 2 in acetonitrile at 298.15 K.
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Fig. 3.48, Conductometric curve for the titration of calcium(II), (as perchlorate) with 
2 in acetonitrile at 298.15 K.
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Fig. 3.49, Conductometric curve for the titration of strontium(II) (as perchlorate) 
with 2 in acetonitrile at 298.15 K.
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Fig. 3.50, Conductometric curve for the titration of barium(II) (as perchlorate) with 2 
in acetonitrile at 298.15 K.
3.7.8 Conductometric titrations of heavy metals cations (Cd^ , C u^ , 
and Zn^^ (as perchlorates) with 2 in acetonitrile at 298.15 K.
Results for the conductimetric titration for Cd^^, Pb^^and Zn^^ (as perchlorate salts) 
and 2 in acetonitrile at 298.15 K (Fig. 3.51, 3.52 and 3.55), show no changes in the 
slope at any ligand/metal cation concentration ratio during the course of the titration. 
As far as Cu^^ (as perchlorate) is concerned, the titration curve (Fig.3.53) shows a 
slope that is gradually changing. Therefore the point of intersection corresponding to 
the stoichiometry of the reaction is obtained by extrapolating the slope of the curve at 
low and high ligand/metal cation ratios to give 1:1 complexation. These findings
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suggest that the complexation of copper with 2 is of moderate stability. On the other 
hand for mercury(II) (perchlorate as counter-ion) with 2 in acetonitrile at 298.15 K 
(Fig. 3.54) the titration curve is the result of a combination of two linear segments 
intersecting at the reaction stoichiometry of 1:1, indicating that a strong complex is 
formed between 2 and Hg^^ in acetonitrile. (Conductometric titration data are reported 
in Appendix 7, Tables 6-8 for Cu^^, Hg^^ and Ag^ respectively.)
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[2]/[Cd*1
Fig. 3.51, Conductometiic curve for the titration of cadmium(II) (as perchlorate) 
with 2 in acetonitrile at 298.15 K.
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Fig. 3.52, Conductoimetric curve for the titration of lead(II) (as perchlorate) with 2
in acetonitrile at 298.15 K.
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Fig. 3.53, Conductometric curve for the titration of copper(II) (as perchlorate) with 2 
in acetonitrile at 298.15 K.
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Fig. 3.54, Conductometric curve for the titration of mercury(II) (as perchlorate) with 
2 in acetonitrile at 298.15 K.
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Fig. 3.55, Conductometric curve for the titration of zinc(II) (as perchlorate) with 2 in
acetonitrile at 298.15 K.
160
Results and Discussion
3,7.9 Conductometric titration of metal cations (Hg^\ Cu^^ and A g^ (as 
perchlorates) with 2 in methanol at 298,15 K,
During the complexation process involving a ligand and metal cations, competition 
between the ligand and the solvent for the free metal cation may occur. Therefore, the 
binding properties of the ligand depend on the complexation medium. In an attempt to 
assess the medium effect on the complexation process for these ligands and Hg^^, 
Cu^^ and Ag^ cations (perchlorate as counter-ion), conductometric titrations in 
methanol at 298.15 K were carried out. These are now discussed.
Conductimetric titrations for Cu^\ Hg^^ and Ag^ metal cations with 1 in methanol at
298.15 K (Figs. 3.56-3.58) suggest that there is hardly any interaction between these 
metal cations and 1 in this solvent.
350 
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"I«  290 H
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.......................................
•  • •  •
0.0 0.5 1.0 1.5 2.0 2.5 3.0
[1]/ICu"1
Fig. 3.56, Conductometric curve for the titration of copper(II) (as perchlorate) with 1 
in methanol at 298.15 K.
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Fig. 3.57, Conductometric curve for the titration of mercury(II) (as perchlorate) with 
1 in methanol at 298.15 K.
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Fig. 3.58, Conductometric curve for the titration of silver(I) (as perchlorate) with 1 
in methanol at 298.15 K.
As far as 2 is concerned, interactions between this ligand and heavy metal cations in 
methanol are limited to Hg^^and Cu^^ As far as mercury(II) is concerned (Fig. 3.59) 
a 1:1 ligand/metal cation complex is formed in this solvent. However an increase in 
the Am values are observed upon complexation in this solvent. This may be attributed 
either to (i) The metal-ion complex salt is less solvated than the free metal-ion salt or 
(ii) the mercury(II) free salt is slightly associated in this solvent. If  so the addition of 
the ligand and consequently, the formation of the complex leads to an increase in the 
dissociation of the metal-ion complex relative to the free salt. As a result Am values 
increase as the 2:Hg^^ ratio increases. The conductometric titration curve for Cu^^ and
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2 in acetonitiile (Fig. 3.60) shows that one unit of metal cation interacts with one 
ligand unit in this solvent. Fig. 3.61 shows the complexation of Ag"^  and 2 in methanol 
at 298.15 K. A sharp break is observed in the conductimetric titration curve when the 
ligand:metal cation reaches unity, indicating the formation of a highly stable 1:1 
complex between Ag^ and 2 in methanol at 298.15 K.
0.0 0.5 1.0 1.5 2.0 [2J/[Hg**l 2-5
Fig. 3.59, Conductometric curve for the titration of mercury(II) (as perchlorate) and 
2 in methanol at 298.15 K.
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Fig. 3.60, Conductometric curve for the titration of copper(II) (as perchlorate) and 2 
in methanol at 298.15 K.
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Fig. 3.61, Conductometric curve for the titration of silver(I) (as perchlorate) and 2 in 
methanol at 298.15 K.
3.7.10 Conductometric titrations of metals cations (Hg^  ^ and Ag^) (as 
perchlorates) with 2 in water saturated dichloromethane at 298.15 K.
These titrations were carried out to establish the composition of metal-ion complexes 
in water saturated dichloromethane, although it is expected that the cations may 
undergo extensive ion-pair formation in this solvent. The only aim of these 
measurements was to establish the complex stoichiometry for the extraction process. 
The thermodynamics of complexation of the synthesised ligands and the cations was 
investigated, as reported below.
An interesting outcome emerges from Figs 3.62- 3.63 which show plots of Am values 
for Hg(II) and Ag(I) against ratios in water saturated dichloromethane in which 
conductance values increase as the titrations proceed. The water saturated 
dichloromethane solvent system is characterised by a low permittivity and therefore 
significant ion-pair formation is likely to be present in solution. It is expected that the 
metal-ion complex salt would be more dissociated than the free metal ion salt and this 
would lead to an increase in conductance as observed in these Figures. Again in this 
solvent, the complex composition is l:l(one ligand unit per one unit of metal cation).
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Fig. 3.62, Conductometric curve for the titration of mercury(II), (as perchlorate) and 
2 in wet dichloromethane at 298.15 K.
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Fig. 3.63, Conductometric curve for the titration of silver(I) (as perchlorate) and 2 in 
wet dichloromethane at 298.15 K.
3.7.11 Conductometric measurements of the free metal-ion salts.
To proceed with the thermodynamics of complexation involving ionic species it is 
important to consider that the process represented by eq. 2.18 (page 74) requires that 
the free metal-ion and the complex salts used in these measurements are 
predominantly as ions in solution. The spéciations in solution were established by 
measuring their conductance at various concentrations of metal-ion perchlorate salts 
in acetonitrile at 298.15 K. Thus the molar conductance. Am (O"' cm^moF^) of metal- 
ion salts (perchlorate as counter-ion) was plotted against the square root of the ionic
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strength of the electrolyte, as shown in Figs. 3.64-3.72 (conductimetry data are 
reported in Tables 9 to 17 in Appendix 7). Linear relationships are obtained for each 
of the investigated salts. These clearly indicate that in this concentration range, ions 
are the predominant species in acetonitrile at 298.15 K. The molar conductance values 
are in the range expected for bivalent metal cation perchlorates^* in this solvent.
The molar conductance values extrapolated to zero concentration calculated from 
these plots are 303.8 and 304.3 Q'* cm^ mol’* for Mg^ "*” and Zn^^ respectively. These 
values are in reasonable agreement with corresponding data (302.3 f) '' cm^ mol'^ for 
Mg^ "^  and Zn^^ ) perchlorate salts in this solvent reported in the literature^*.
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Fig. 3.64, Molar conductance. Am, against the square root of the ionic strength, 
for Mg^ "^  (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.65, Molar conductance. Am, against the square root of the ionic strength,
for Ca^  ^(as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.66, Molar conductance, Am, against the square root of the ionic strength, 
for Sr^ "^  (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.67, Molar conductance, Am, against the square root of the ionic strength, 
for Ba^^ (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.68, Molar conductance. Am, against the square root of the ionic strength, I
for Cd^ "^  (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.69, Molar conductance, Am, against the square root of the ionic strength, 
for (as perchlorate) in acetonitrile at 298.15 K,
400 1
360 -
T-.
I 320 - 
%W 280 -
5 240 -
R'^ =  0 .9 9
200
0.000 0.005 0.010 0.015 0.020 0.025 0.030,1/2
Fig. 3.70, Molar conductance. Am, against the square root of the ionic strength,
for Cu^^ (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.71, Molar conductance. Am, against the square root of the ionic strength, 
for Hg^^ (as perchlorate) in acetonitrile at 298.15 K.
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Fig. 3.72, Molar conductance. Am, against the square root of the ionic strength, I ,
for Zn^^ (as perchlorate) in acetonitrile at 298.15 K.
Conclusions
From the above conductometric results, the following conclusions can be drawn.
i) As far as the alkali-metal cations are concerned, conductance data showed no 
indication of changes in the slopes at any given molar ratio in MeCN. This is 
in accord with the NMR results obtained by the addition of the appropriate 
alkali-metal salt to land 2 in CD3CN. The same behaviour was observed with 
the bivalent cations and 1 in MeOH. Indeed conductance measurements 
showed no appreciable changes during the course of the titration. This is not 
the case in MeCN. In this solvent, the conductometric titration curves show 
that:
a) For the alkaline-earth metal cations (Mg^ "^ , Ca^^, Sr^ "*”, Ba^^), slope 
changes are observed at L/M^ "  ^ ratios of 1 and 2 , indicating the 
formation o f 2:1 stoichiometry complexes.
b) For heavy metal cations, the interaction of Cd^^, Pb^^, Cu^^, Hg^^and 
Zn^^ with 1 leads to the formation of 1:1 complexes.
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ii) The interaction of 2 with heavy metal cations in acetonitrile and methanol are 
limited to and Cu^\ The former cation seems to interact more strongly 
than the latter. As far as other metal cations are concerned, 2 interacts with 
Ag^ in both solvents.
Having established semiquantitatively the strength of complexation of these ligands 
with metal cations, attempts were made the isolate the silver(I) complex. Suitable 
crystals for X-ray crystallographic studies were obtained and this is described in the 
following Section.
3.8 X-ray crystallographic studies of silver(I), as perchlorate complex with 2.
Efforts to isolate the silver(I) complex of 2 using perchlorate as the counter-ion were 
made. This was recrystallised from acetonitrile. As can be seen from Fig. 3.73, the bi­
functional ligand shows a symmetric ''cone ’ conformation and hosts a silver(I) ion in 
the hydrophilic cavity and an acetonitrile molecule in the hydrophobic basket, to 
confoim an Ag2(MeCN) complex. As before, the complex is stabilized by O- 
H...O(pend) bonds in the lower rim [O(oxy). . .O(pend) at distances of 2.693 and 
2.661 Â and 0-H...0(pend) angles of 171.4 and 168.6% respectively] and the upper 
half of the pendant arms are hold by a pair of N-H...O(ox) bonds [N-H...O(oxy) at 
distances of 2.981 and 3.116 Â and N-H...O(oxy) angles of 159.2 and 140.4% 
respectively]. This macrocycle displays an approximate two-fold symmetry around 
the calix axis, as indicated by differences of less than 11® between homologous 
torsion angles along the pendant arms. The silver(I) ion, sited on the calixarene axis, 
is linearly coordinated to the sulphur atoms of the opposite -O-CH2-CH2-NH- 
(P=S)(0-CH2-CH3)2 pendant groups [Ag-S distances of 2.414(2) and 2.422(2) Â, 
Z(S-Ag-S)=l 71.99(8)®]. It should be emphasised that this information is referred to 
the solid state.
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(a) Lateral view (b) Superior inferior view
Fig. 3.73, Side views of 5, 11, 17, 23-tetra-ter^-butyl, 25, 27-bis(diethylthiophosphate 
amino)ethoxy, 26, 28 dihydroxycalix[4]arene, 2, complex with silver and 
acetonitrile.
Having established the complex composition of these ligands and metal cations in 
acetonitrile and methanol, the following Section concerns the thermodynamics of 
complexation of these systems.
3.9 Thermodynamics of complexation of calix[4]arene aminophosphorus 
derivatives and metal cations
3.9.1 Calorimetric studies
The complexation of 1 and 2 with metal cations was investigated in acetonitrile at
298.15 K using microcalorimetry and classical macrocalorimetry. The LKB 2277 
Thermal Activity Monitor (TAM) and the Tronac 450 calorimeter were used for the 
titration measurements.
Having stated the reliability of the macrocalorimeter, it should be emphasised that in 
most cases, microcalorimetric titrations were earned out particularly for the systems 
of 2:1 (L;M"^) composition. These experimental measurements were carried out by 
Mr. S. Chahine and M. Shehab, postgraduate students at the Thermochemistry 
Laboratory.
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3.9.2 Determination of equilibrium constants and enthalpies of complexation of 
1 with metal cations in acetonitrile a t 298.15 K.
Measurements of the stability constants (expressed as log Ks) and the enthalpies of 
complexation, AcH°, for 5,11,17,23 tetra-^er/-butyl, 25,27 bis(diethylphosphate 
amino)ethoxy, 26,28 dihydroxy calix[4]arene (1) with metal cations in acetonitrile at
298,15 K were earned out. The different complex stoichiometries observed for 
complex formation of 1 with bivalent cations in acetonitrile found from 
microcalorimtric titrations are shown in Fig. 3.74-3.83. An inspection of the 
microcalorimetric titration curves for alkaline-earth and Pb^^ metal cations shows that 
1:2 (M^^:l) complexes are formed in this solvent as found from conductance 
measurements. Indeed the experimental data obtained for these systems fits into a 1:2 
(metal cation:ligand) stoichiometry for these cations. Treatment of data using a model 
for the formation of 1:1 (M^^:l) stoichiometry complexes failed. Indeed the 
thermodynamic data do not fit such a model.
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Fig. 3.74, Plot of potential against time for the microcalorimetric titration of 1 with 
magnesium in acetonitiile at 298.15 K.
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Fig. 3.75, Microcalorimetric titration curve for magnesium(II) cation, (as 
perchlorate) with 1 in acetonitrile at 298.15 K.
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Fig. 3.76, Plot of potential against time for the microcalorimetric titration of 1 with 
calcium in acetonitrile at 298.15 K.
MJ/mol C a lc u la te d  E x p erim en ta l
Fig. 3.77, Microcalorimetric titration curve for calcium(II) cation, (as perchlorate)
with 1 in acetonitrile at 298.15 K.
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Fig. 3.78, Plot of potential against time for the microcalorimetric titration o f 1 with 
strontium in acetonitrile at 298.15 K.
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Fig. 3.79, Microcalorimetric titration curve for strontium(II) cation, (as perchlorate) 
with 1 in acetonitrile at 298.15 K.
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Fig. 3.80, Plot of potential against time for the microcalorimetric titration of 1 with 
barium in acetonitrile at 298.15 K.
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Fig. 3.81, Microcalorimetric titration curve for barium(II) cation, (as perchlorate) 
with 1 in acetonitrile at 298.15 K
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Fig. 3.82, Plot of potential against time for the microcalorimetric titration of 1 with 
lead in acetonitrile at 298.15 K.
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I
Fig. 3.83, Microcalorimetric titration curve for lead(II) cation, (as perchlorate) with 
1 in acetonitrile at 298.15 K.
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In Table 3.28, log Ksi, log Ks2 and the overall constant, log Kgo values and derived 
standard Gibbs energies, corresponding enthalpies and entropies of complexation for 
alkaline-earth metal (Mg^^, Ca^ ,^ Ba^^) and Pb^^ and 1 in acetonitrile at 298.15 K
are shown. Standard desviation of the data are also included in this Table. As far as 
alkaline-earth and lead(II) metal cations are concerned, plots of log Kg (Ksi, Ks2 and 
overall Kso) against the ionic radius of the cation, (Fig. 3.84) show the size 
dominating behaviour often observed in complexation processes involving alkaline- 
earth metal cations and macrocyclic ligands*’"^. The highest stability observed for 1 
and metal cations is that for the calcium cation in this solvent.
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Fig. 3.84, Plot of individual and overall log Ks values against the ionic radius of 
alkaline-earth and lead metal cations in acetonitiile at 298.15 K.
The results show that the overall stability is in all cases enthalpy controlled to an 
extent that the maximum exothermicity (higher enthalpy stability) is found for the 
lowest solvated cation (Ba^^). These statements are best illustrated in Fig. 3.85 where 
AcH® values are plotted against AhH° of the cation^*. The choice of AhH® rather than 
AsoivH® is based on (i) the few data available for the AtH” of these cations (data based 
on the PIljAsPImB convention)^^ from H2O to MeCN and (ii) that the magnitude of the 
AtH° (HzO-^MeCN) values is small relative to their hydration enthalpies'^^ and 
therefore, the sequence in the AhH° is not altered. As far as entropies are concerned, 
the greatest entropy loss is obseiwed for Ba^^ in this solvent. For Mg^”'^  and Ca^^ the 
complexation is entropically favourable (AcS® are positive) as observed in Fig. 3.86 
which may be attributed to the desolvation of the cation upon complexation with this 
ligand. A similar situation is found for Pb^^ and 1 in acetonitrile.
In summary, for alkaline-earth metal cations, the highest stability of 1 for Ca^^ 
relative to other cations within the same Group (Mg^^, Sr^ "'" and Ba^^)'^^ is mainly 
attributed to the higher entropie contribution to the stability of the former relative to 
the latter cations for which the higher enthalpic stability is overcome by a 
considerable loss of entropy. On the other hand for Pb^^ and 1, the high stability of 
complex formation is determined by a favourable enthalpy contribution, although the 
process is entropically favoured.
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Fig. 3.85, Plot of standard enthalpies of complexation against enthalpies of hydration 
of alkaline-earth and lead metal cations at 298.15 K.
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Fig. 3.86, Plot of standard entropies of complexation against entropies of hydration 
of alkaline-earth and lead metal cations at 298.15 K.
Thus taking into account the overall stability constant (Kso= Kgi x Ks2), the selectivity 
of 1 for Ca^^ relative to other cations within the Group can be calculated from the 
selectivity factor, S (eq. 3.31).
S  = (3.31)
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Thus the S value is higher by factors of ~ 15, 3.31 x 10\ 4.9 x 10  ^ and 1.1 x 10^  for 
Ca^^ relative to Mg^^, Pb^^, Sr^ "^  and Ba^^ respectively.
As far as other bivalent metal cations are concerned (Cu^^, Zn^^, Cd^^ and Hg^^) the 
pre-organization of the donor atoms in 1 favours the formation of 1:1 (M^^rl) 
stoichiometry complexes (see Figs. 3.87 -3.94) with these cations in acetonitrile. This 
may be attributed to the fact that these metal cations often require a lower 
coordination number and softer donor atoms. Indeed, it is known that some of the 
heavy and transition metal cations often interact strongly with ligands containing 
softer donors (such as nitrogen and sulphur)^ than with those involving hard donor 
atoms such as oxygen.
Pr/tW D ilu t io n  cu rv e  T i t r a t i o n  c u rv e
20
0
Fig. 3.87, Plot of potential against time for the microcalorimetric titration of 1 with 
cadmium in acetonitrile at 298.15 K.
k J /m o l C a lc u la te d  E x p e r im e n ta l
Fig. 3.88, Microcalorimetric titration curve for cadmium(II) (as perchlorate) with 1 
in acetonitrile at 298.15 K.
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Fig. 3.89, Plot of potential against time for the microcalorimetric titration of 1 with 
copper in acetonitrile at 298.15 K.
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Fig. 3.90, Microcalorimetric titration curve for copper(II) (as perchlorate) with 1 in 
acetonitrile at 298.15 K.
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Fig. 3.91, Plot of potential against time for the microcalorimetric titration of 1 with
mercury in acetonitrile at 298.15 K.
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Fig. 3. 92, Microcalorimetric titration curve for mercury(II) (as perchlorate) with 1 
in acetonitrile at 298.15 K.
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Fig. 3.93, Plot of potential against time for the microcalorimetric titration of 1 with 
zinc in acetonitrile at 298.15 K.
k J /m o l C a lc u la te d  E x p e r im e n ta l
12
9
6
0
Fig. 3.94, Microcalorimetric titration curve for zinc(II) (as perchlorate) with 1 in
acetonitrile at 298.15 K.
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Table 3.29 shows stability constants, log Kg, derived standard Gibbs energies, AcG°, 
enthalpies, AcH° and entropies, AcS”, obtained for 1 and metal cations (Cu^^. Zn^ ,^ 
Cd^^, Hg^^) obtained by titration calorimetry. The standard deviation of the data has 
been calculated through eq, 3.28. There are not significant differences in the AcG° 
values for these metal cations and 1 in acetonitrile. This is result of a remarkable 
enthalpy-entropy compensation effect'^^. This is shown in Fig. 3.95, which is a plot of 
AcH” against AcS® for these cations and 1 in acetonitrile at 298.15 K.
Table 3.29. Stability constants (log Kg) and derived standard Gibbs energies, 
enthalpies and entropies of 1 with copper, zinc, cadmium and mercury 
metal cations in acetonitrile 298.15 K.
Metal
cations
lOgKg AcG» 
kJ mof*
AcH® 
kJ mol^
AcS"
J  mol'*
Cu^ "^ 3.52 ±0.01 -20.1 ±0.2 -13.7 ±0.8 21
Zn^^ 3.60 ±0.02 -20.6 ± 0.2 -16.2 ±0.6 15
3.20 ±0.03 -18.3 ±0.2 -22.0 ± 0.7 -12
Hg'^ 3.07 ±0.03 -17.5 ±0.3 -5.9 ± 0.4 39
To analyse the effect of binding and cation desolvation energies on the enthalpies of 
complexation of 1 and these cations in Fig. 3.96, a plot the AcH° values against the 
hydration enthalpies, Ai,H° of these cations^^ is shown. Due to the additional factors 
besides the electrostatic ones that need to be considered when dealing with the first 
transition metal cations (highly polarisable), the latter parameter rather than the ionic 
radii of the cations is selected^’^  ^ Fig. 3.96 shows that two forces (binding and 
desolvation energies) are compensated in the complexation processes. When the 
enthalpy of hydration, AhH° increases (become less negative) from Cd^ "^  to Hg^^ the 
stability of complex formation in enthalpic terms decreases (more positive). This may 
be attributed to the desolvation process (endothermie), which predominates over the 
binding process (exothermic), except for Cu^\ For this cation, the energy associated
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with the binding process appears to predominate and an increase in enthalpic stability 
is observed for this cation and 1 in acetonitrile. Enthalpy values are compensated by 
entropy values and as a result, the latter becomes more favourable in moving from 
Cd^^ to Hg^^. In fact for the latter, the complexation process is entropically controlled.
AoS“ (J K'^  mol'h
-20 -10
,2+
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y = 0.304X -19.20 
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Fig. 3.95, Plot of standard enthalpies of complexation against standard entropies of 
complexation for Cu^^, Zn^^, Cd^^ and Hg^^ metal cations in acetonitrile at 
298.15 K.
Cu
Cd
AhH" (kJ mol'h
Fig. 3.96, Plot of standard enthalpies of complexation against enthalpies of hydration 
of Cu^ "**, Zn^ ,^ Cd^^ and Hg^^ metal cations at 298.15 K.
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3.9.3 Determination of the equilibrium constants and the enthalpy of 
complexation of 2 with metal cations in acetonitrile at 298.15 K.
3.9.3.1 Determination of the stability constant from potentiometric 
measurements.
Direct potentiometric titrations using silver electrodes were carried out in acetonitrile 
and methanol at 298.15 K, for determining the stability constant (log Ks) values for 
the complexation of the silver cation with 2. A mercury amalgam electrode was used 
to determine the stability constant for 2 and mercury(II) in acetonitrile and in 
methanol at 298.15 K. Potentiometric data were used to derive the stability constant, 
Ks, referred to the process described in eq. 2.18 (Pag. 74).
3.9.3.1.1 Determination of the stability constant for silver(I), (as perchlorate) 
and 2 by potentiometric measurements.
1) Determination of the standard potential, E", of the electrochemical cell at
298.15 K.
Table. 1 (Appendix 8) shows the response of the silver electrode during typical 
calibration experiments carried out in acetonitrile and methanol at 298.15 K, as 
described in the Experimental Section (Pag.74). Figs 3.97 and 3.98 show Üie 
corresponding plots of potential, E, against the negative logarithm of the silver-ion 
concentration.
The value of 59.46 mV for the slope in Fig. 3.97 corresponds to the Nemst constant 
for univalent cations. The intercept of 145.4 mV is the standard potential of the 
electrochemical cell, E°, in acetonitrile at 298.15 K. A slope of 59.08 mV and an 
intercept of 134.59 mV were obtained in methanol at 298.15 K. (Fig. 3.98). It should 
be noted that slope values obtained in these measurements are quite close to the
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expected values of 59.16 mV for monovalent cations at 298.15 K according to the 
Nernst equation.
y = -59.46x + 145.4 
R^  = 0.99
Ui -100
-120
3.5 3.0 4,1 4.4 4.7
-log [Agq
Fig. 3.97, Plot of E (mV) against -log[Ag^] for the determination of the standard 
potential, E°, of the cell in acetonitrile at 298.15 K.
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Fig. 3.98, Plot of E (mV) against -log[Ag^] for the determination of the standard 
potential, E°, of the cell in methanol at 298.15 K.
2) Determination of the stability constant of 2 with silver(I), (as perchlorate) 
in acetonitrile and methanol at 298.15 K.
Potentiometry data obtained as 2 was titrated into a solution of silver(I), (as 
perchlorate) in acetonitrile and methanol at 298.15 K are listed in Tables 2 and 3 
respectively. (Appendix 6). Figs. 3.99 and 3.100 show typical potentiometric titiation 
curves in acetonitrile and methanol at 298.15 K respectively. The first derivative
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(ÔE/ÔV) against the ligand:metal cation is shown in Fig, 3.101. In order to determine 
the stability constants of 2 with the silver(I) metal cation in acetonitiile and in 
methanol, the potentiometric data were treated by the use of the SUPERQUAD 
computer program. Thus log Kg values and derived standard Gibbs energies of 
complexation, AcG° are shown in Table 3.30.
Table 3.30. Stability constant values of 2 with silver(I), (as perchlorate) in 
acetonitrile and methanol at 298.15 K derived from potentiometric 
data.
Solvent log Ks AcG^(kJ mor^)
MeCN
MeOH
3.94 ± 0.03 
7.52 ± 0.02
-22.5 ± 0.2 
-42.6 ± 0.2
Stability constant values for the complexation of 2 and silver(I) obtained in 
acetonitrile and methanol at 298.15 K from potentiometric measurements are the 
average values obtained from ten experimental runs.
As far as the stability constant for Ag^2 is concerned, the stability of the complex is 
higher by a factor 3.8 x 10  ^ in methanol relative to acetonitrile. This may be in part 
attributed to the higher solvation of this cation in acetonitrile relative to methanol.
UJ
2.5 3,0
[2/[Ag1
Fig. 3.99, Potentiometric titration curve of silver(I) (as perchlorate) with 2 in
acetonitrile at 298.15 K.
187
Results and Discussion
-50 n
-100 -
-150 -
& -200 -Ui -250 -
-300 ■
-350 •
• • • • • • • • • #e
0.0 0.5 1.0 1.5 2.0
[2]/[Ag*I
Fig. 3.100, Potentiometric titration cm*ve for silver(I) (as perchlorate) with 2 in 
methanol at 298.15 K.
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Fig. 3.101, The first derivative to indicate the end point of the potentiometric titration 
o f 2 with silver in methanol at 298.15 K.
3.9.3.1.2 Potentiometric determination of the stability constant for Hg(II), (as 
perchlorate) and 2 in nonaqueous media.
1) Determination of the standard potential, E", of the cell.
Typical potentiometric experiments were carried out for the determination of the 
Nemstian behaviour of the mercury amalgam electrode in acetonitrile and methanol at
298.15 K as described in the Experimental Section (Pag. 74), Fig 3.102 shows the 
corresponding plots of potential, E, against the negative logarithm of the mercury(II) 
ion concentration in acetonitrile at 298.15 K. (See Table 4, Appendix 8). The value of
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the slope 29.97 mV corresponds to the Nemst constant for bivalent cations and an 
intercept of 925.71 mV was obtained. Fig. 3.103 represents the same experiment 
carried out in methanol at 298.15 K, (See Table 4, Appendix 6). A slope of 29.34 mV 
and an intercept of 373.86 mV for the standard potential of the electrode were 
obtained. In both cases the slope values are in good agreement with the expected 
nerstian value for bivalent cations (29.58 mV).
815 -1
IUÎ
810 - y = -29.97X + 925.71 
= 0.99
805
3.6 3.7 3.8 3.9 4.0
-log[Hg^ ^
Fig. 3.102, Plot of E (mV) against -log [Hg^^] for the determination of the standard 
potential, E°, of the cell in acetonitrile at 298.15 K.
260
250
E 240
UJ
y = -29.34X + 373.86 
= 0.99230
4.40 4.65 4.604.15
Fig. 3.103, Plot of E (mV) against -log [Hg^^] for the determination of the standard 
potential, E®, of the cell in methanol at 298.15 K.
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2) Determination of the stability constant of 2 and mercury(II) (as 
perchlorate) in acetonitrile and methanol at 298.15 K,
Potentiometric data listed in Tables 5 and 6 (Appendix 6) were used for the 
determination of the stability constants of the complexes of 2 with (perchlorate 
as counter-ion) in acetonitrile and methanol at 298.15 K. The complexation curves, E/ 
mV versus [2]/[Hg^^ ratio (i), or the first derivative (ii) for the titration mercury(II), 
are shown in Figs. 3.104 and 3.105 in acetonitrile and methanol at 298.15 K 
respectively. The experimental data in both cases indicate that the inflection point in 
(i) or the minimum point in (ii) corresponds to the 1:1 (2:Hg^^ complex 
stoichiometry. This is in accord with the results observed from conductimetric and 
NMR studies. Potentiometric data were analysed by the use of the SUPERQUAD 
computer program. Table 3.31 shows the stability constants (log Kg) and derived 
standard Gibbs energies (AcG‘^ ) of complexation for 2 and Hg^^ in acetonitrile and 
methanol at 298.15 K.
Table 3.31. Stability constants (log KJ and derived standard Gibbs energies, 
AcG° values of 2 with mercury(II) (as perchlorate) in acetonitrile 
and methanol at 298.15 K derived from potentiometric data.
Solvent log Ks AcG°(kJ mof^)
MeCN 10.02 ±0.08 -57.5 ± 0.5
MeOH 8.49 ± 0.09 -48.4 ± 0.5
The values for the stability constants of the Hg^^2 complexes in acetonitrile and 
methanol at 298.15 K listed in this Table are the average obtained from ten 
experiments.
The highest stability was found for 2 and Hg^^ in acetonitrile. This stability decreases 
in methanol. These changes of complex stability with the solvent can be quantitatively
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assessed by taking the stability constant ratio for and 2 in acetonitrile relative to 
methanol (S= [Ks(M eCN)]/[Ks(M eOH)]).
Thus, the complexation of Hg^^ and 2 is more stable in acetonitrile than in methanol 
by a factor of 34, The difference in stability of complex formation for the same 
system in going from the acetonitrile to methanol reveals the role of the medium on 
the complexation process.
8E/SV 50
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Fig. 3.104, Potentiometric curve for the titration (i) and the first derivative to indicate 
the end point (ii) of the potentiometric titration of mercui’y(II) (as 
perchlorate) with 2 in acetonitrile at 298.15 K.
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Fig. 3.105, Potentiometric curve for the titiation (i) and the first derivative to indicate
the end point (ii) of the potentiometric titration o f mercury(II) (as
perchlorate) with 2 in methanol at 298.15 K.
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In order to obtain the thermodynamic origin of complex stability, the enthalpy 
associated with these processes was determined by the use of classical calorimetry 
and this is now discussed.
3.9.4 Macrocalorimetric measurements of the stability constants.
3.9.4.1 Calibration of the Tronac 450 calorimeter
i) Calibration of the burette.
The burette delivery rate (BDR) was carried out by measuring the weight of 
water delivered by the burette as a function of time. The burette was filled with 
freshly boiled deionised water and the insert assembly of the calorimeter 
lowered into the thermostated bath to maintain the burette at 298.15 K.
In order to calculate the number of moles of reactant added to the reaction 
vessel, the volume of titrant delivered per second must be determined. The 
burette deliveiy rate was calculated from the equation.
BDR=^—  (3.30)p.t
In eq. 3.30, w is the weight of the solvent in grams, p is the density of water (g 
cm'^) at the temperature of calibration and t is the collection time (s). The results 
are listed in Table 3.32. The standard deviations of the data are also included in 
this Table.
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Table 3.32. Burette delivery rate (BDR) at 298.15 K.
Time
(s)
Weight
(g)
BDR
(ml s'l)
30.09 0.19859 6.63x10'"
30.03 0.19790 6.62x10'"
29.82 0.19323 6.51 X 10'"
29.94 0.19501 6.54x10'"
30.24 0.20010 6.65 X 10'"
30.07 0.19875 6.64 X 10'"
29.97 0.19720 6.61 X 10'"
30.29 0.20012 6.64 X 10'"
29.72 0.19467 6.58x10'"
30.82 0.20309 6.62 X 10'"
Average value (6.60 ± 0.01) x 10'  ^ml s'*
ii) Calibration of the Calorimeter
The enthalpy of protonation of an aqueous solution of THAM in hydrochloric 
acid (0.1 mol dm'^) at 298.15 K was measured in order to check the performance 
of the calorimeter*^^ as described in the Experimental Section. The data are 
reported in Table 3.33.
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Table 3.33. Standard enthalpy of protonation of THAM in water at 298.15 K
Volume qt Ah Ap ApH“
THAM (ml) (J) (J) (J) (KJ mol-1)
0.07356 -0.8731 -0.0022 -0.8709 -47.74
0.07272 -0.8579 -0.0022 -0.8557 -47.45
0.09973 -1.1818 -0.0030 -1.1788 -47.66
0.06347 -0.7550 -0.0019 -0.7531 -47.84
0.08183 -0.9621 -0.0025 -0.9596 -47.29
0.08027 -0.9549 -0.0024 -0.9525 -47.85
0.06250 -0.7406 -0.0019 -0.7387 -47.66
0.06185 -0.7353 -0.0019 -0.7334 -47.82
0.06315 -0.7435 -0.0019 -0.7416 -47.35
0.08294 -0.9811 -0.0025 -0.9786 -47.63
An average value of -47.6 ± 0.2 kJ mol * was calculated for the enthalpy of 
protonation of THAM. This value is in excellent agreement with the value 
reported by Ôjelund and Wadso*^" (-47.49 kJ mol'*) using the LKB reaction 
calorimeter.
3.9.4.2 Determination of stability constants for Cu^^ and Ag^ with 2 in 
acetonitrile and the enthalpies for Ag^ and metal cations in
acetonitrile and methanol at 298.15 K.
Table 3.34 shows the macrocalorimetric data for the complexation of 2 with Hg^^. 
Cu^^ and Ag^ cations in acetonitrile at 298.15 K. The standard deviation of the data 
are also included in this Table. As far as silver(I) is concerned, the process is 
enthalpically controlled (negative AcH )^ and does take place with a loss of entropy 
(negative AcS“). The opposite thermodynamic behaviour is observed for Cu^^ and this 
ligand in acetonitrile. For this system, the process is entropically controlled which 
may be partially attributed to the higher desolvation of this cation upon complexation. 
This is also shown in the enthalpy data which are endothermie given that energy is
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required to desolvate the cation. As reflected in Table 3.34, the complexation of 
and 2 is enthalpically favourable. In Table 3.35, standard enthalpies, AcH° values for 
Ag^ and Hg^^ and 2 in methanol are listed. Similar enthalpies of complexation 
(exothermic processes) are obtained. Table 3.36 summarizes stability constant, log Kg 
standard Gibbs energies, AcG°, enthalpies, AcH° and entropies, AcS°, values for the 
complexation of 2 with these metal cations in acetonitrile and methanol. As far as 
Hg^^ and 2 in acetonitrile is concerned, the process is enthalpically controlled. The 
results in table 3.36 show that in methanol the higher selectivity of this ligand for 
Hg^^ relative to Ag^ is due to the entiopic contribution given that for these cations, the 
stability in enthalpic terms is the same.
It is apparent from the data in the Table 3.36 that 2 is able to interact with copper, 
mercury and silver metal cations in acetonitrile at 298.15 K. Thus taking into account 
stability constant data,, the selectivity factor (S) of 2 for Hg^^ relative to other metal 
cations is calculated using the following relationships (eq. 3.32).
(3.32)
Thus the selectivity of 2 for Hg^^ is higher by factors of ~ 3.63 x lO" and 8.32 x 10  ^
relative to Cu^^ and Ag"^  respectively.
Table 3.34. Summary of thermodynamic param eters for the complexation of 
A g \ Cu  ^ and Hg^^ metal cations, (as perchlorates) and 2 in 
acetonitrile at 298.15 K  by classical titration calorimetry
Metal log Ks AcG® AcH® AcS®
(kJ mol ^  (kJ mol *) (J K  * mol *)
"Âg^ 4.1+0.1 -23.6+0.7 -99+0.2 46
Cu^‘" 4.46±0.04 -25.4±0.2 3.210.4 96
Hg^‘"  69.510.7
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Table 3.35. Enthalpies of complexation of Ag^ and Hg^^ metal cations, (as 
perchlorates) and 2 in methanol a t 298.15 K  derived from classical 
calorimetry
Metal cation AcH®(kJmol"*)
Ag" -42.6+0.2
-42.0+0.3
,2+Table 3.36. Thermodynamic param eters for the complexation of 2 and A g \ Hg 
and Cu  ^ metal cations, (as perchlorates) in acetonitrile and 
methanol at 298.15 K
1. Acetonitrile
Metal
cation
log Kg AcG® 
(kJ mol*)
AcH®
(kJ mol"*)
AcS® 
( J K  * mol"*)
Ag" 4.01+0.07“!
3.94+0.03*'J  3.98+0.05“ -22.7+0.5 -9.9+0.2*' 43
4.46+0.04“ -25.5+0.2 3.2+0.4*' 96
10.02+0.08*' -57.5+0.5 -69.5+0.7*' -40
2. Methanol
Ag+ 7.47+0.04*' -42.6+0.2 -42.8+0.4“ -1
Hg^+ 8.49+0.09*' -48.4+0.5 -42.0+0.4“ 22
“Macrocalorimetric data, '^Potentiometric data, “Average value.
Having established the thermodynamic parameters of 2 complexes, the phase transfer 
processes in the absence and in the presence of 2 in nonaqueous phase are discussed 
in the following section.
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3.10 Extraction of metal cations from water to dichloromethane by using 2 at
298.15 K.
Although there are several reports on the extraction of heavy metal cations by 
calixarene derivatives,*** '^*** little is known on the use of these derivatives for the 
selective extraction of these cations.
The extraction properties of 1 and 2 toward heavy and silver metal cations have been 
studied from distribution experiments in the absence and in the presence of the ligand. 
These were carried out in the water-dichloromethane solvent system at 298.15 K, 
using perchlorate and picrate as counter-ions.
3.10.1 Distribution of 1:1 metal ions salts (MXn) in water-organic solvent 
systems at 298.15 K. (M "\ metal ion, X , counter-ion).
The following Scheme was used to describe the distribution process of metal cations 
in water-organic solvent systems.
1. Partition of the dissociated electrolyte (M"^ + nX') in the water-organic 
phase, (eq. 3.33)
M"+(H20) + nX'(H20) ---- M"+(s) + nX'(s) (3.33)
The partition constant, Kp is defined in eq. 3.34.
JC — M "+(')' AT'(g) _  I %) (^H+I) (3.34)
In eq. 3.34 a, [ ], y± , n and s denote activity, molar concentration, mean 
molar activity coefficient, charge of the metal cation, and solvent 
respectively.
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2. lon-pair formation between the cation (M”^ ) and the anion (X ) in the 
organic phase, (eq. 3.35).
M"+(s) + nX'(s)  MX„(S) (3.35)
The ion pair foimation constant, Ka, is defined as follows.
n\s )YMX„{s )
3. The distribution of the metal-ion salt between water (dissociated) and 
the organic phase (associated) is described by eq. 3.37.
M"*(H2 0 ) +  nX'CHîO) ----------------> MXn(s) (3 ,37)
The distribution constant, K^, is defined in eq. 3.38,
K  -  n \ s ) 7 M X „ { s )
d  n (3 38)
X“(//20) L KiiiO)/
This equation summarises the individual processes represented by eqs. 3.34 
and 3.36. Therefore, Kd can be expressed as shown below,
(3.39)
From distribution experiments and on the assumption that (i) M"^ and MX„ 
are the predominant species in the organic phase (saturated with water), (ii) 
the mean molar activity coefficients y± of the ionic species in the aqueous 
and the organic phase at low concentrations are equal to unity, the 
distribution ratio, Dm can be expressed as follows.
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Based on mass balance and elecfroneutrality and making simplified 
operations and replacing equations 3.34 and 3.36 in eq. 3.40, the following 
relationship has been obtained,
(3.41)
If the experimental data fits into this equation, then a plot of Dm against 
[M"’*']"(s) should give a straight line of slope equal to n" and
intercept equal to Kp*^ *'"^ **.
3.10.2 Extraction of metal ions from water to the organic phase by using a 
calixarene phosphorus derivative at 298.15 K, (M"\ metal ion, X , 
counter-ion).
The general Scheme for the extraction of metal cations from water to the organic 
phase, containing a calixarene derivative (negligible water solubility) can be 
expressed as follows,
M"+(H20) + nX"(H20) + L(s) ------------ > M LXn(s) (3 .42)
The equilibrium constant for the process described in eq. 3.42 expressed in terms of 
molar activities is shown in eq. 3.43.
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The activity coefficient of the neutral species (yl) and ion-pairs (Ymlxh) at low 
concentrations may be set equal to unity. Again if the equilibrium concentration of the 
ionic species in water is very low, the activity coefficient can be considered close to 
unity. Taking into account these assumptions and equations 3.38, 3.40 and 3.43, the 
following equation, was derived.
Therefore a plot of Dm/[M“‘*’]V o) against [L](s) should give a straight line of slope = n" 
Kex and intercept equal to n" K .^
Having introduced the equations to be applied for the calculation of Kp, Ka, Kd (eq. 
3.41) Ka and K@x (eq. 3.44), distribution data in the absence of the ligand are first 
discussed.
3.10.3 Distribution and extraction of and Ag^ metal cations in the presence 
and in the absence of 2 in the water-dichloromethane solvent system at
298.15 K.
The distribution of mercury(II) and silver(I) metal cations in the water organic phase 
in the absence of 2 at 298.15 K was investigated. Atomic absorption spectroscopy is 
the most widely used technique for the quantitative determination of metal cations at 
trace levels. Therefore this technique was used to assess the initial and equilibrium 
concentrations of silver(I), (as perchlorates) in the water phase. UV 
spectrophotometry was used to analyse the initial and equilibrium concentrations of 
mercury(II) (picrate as counter-ion).
Calibration curves for the metal cations used were obtained by plotting absorbance 
units versus known metal-ion concentrations in solution. Calibration curves for Ag^ 
(Fig. 3.108), (analysed by atomic absorption spectroscopy) were found to be linear
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within the limits of detection of the equipment used. The same was found for the 
analytical determination of (Fig. 3.109) by UV spectrophotometry. The equation 
shown in these Figs. was used for the determination of the initial and equilibrium 
metal-ion concentrations in the aqueous phase.
0 . 1 5
0.10
È<
0 . 0 5 y  =  0 .0488X  - 0.0041  
=  0 .99
0.00
0.0 0 . 5 1.0 1 .5 2.0 2 . 5 3 . 0
[Ag*l, ppm
Fig. 3.108 Calibration curve of silver(I) by atomic absorption spectroscopy in water 
(saturated dichloromethane) at 298.15 K.
y  = 54520X +  0.0238  
R* =  0.99
.P  1.0
IE-05
Fig. 3.109 Calibration curve for mercury(II) as picrate in water (saturated 
dichloromethane) at 298.15 K by UV spectrophotometry.
Tables 3.37 and 3.38 listed the distribution data in the absence of the macrocycle 
ligand for silver and mercury respectively. Plots of Dm values in the mutually 
saturated solvents at 298.15 K against the equilibrium concentration of silver(I) (Fig. 
3.110) and mercury(II) (Fig. 3.111) in the water-dichloromethane solvent system led 
to straight lines of slope and intercept (eq. 3.38). In this eq. n=2
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for while for Ag^, n=l. Thus Kp, K& and Kd (KpxKa) values derived from eq. 
3.41 are listed in Table 3.41. Correlation coefficients are also included in this Table.
T a b l e  3 . 3 7  D i s t r i b u t i o n  d a t a  f o r  A g ^ ,  ( a s  p e r c h l o r a t e )  i n  t h e  m u t u a l l y  s a t u r a t e d  
w a t e r - d i c h l o r o m e t h a n e  s o l v e n t  s y s t e m s  a t  2 9 8 . 1 5  K .
[Agio Abs* [A gif [Agis Dm
1 2.59x10"^ 0.0083 2.45 X 10"^ 1.36x10'^ 0.06
2 5.18x10"^ 0.0195 4.69 X 10"^ 4.91 X  10’^ 0.10
3 7.77 X 10"^ 0.0283 6.43 X 10"^ 1.34 X  10"* 0.21
4 1.04 X  10"^ 0.0308 6.92x10"^ 3.44 X  10"* 0.50
5 1.30x10'^ 0.0315 7.07 X  10"^ 5.88x10"* 0.83
6 1.55 X  10'^ 0.0313 7.02 X  10"* 8.52 X 10'^ 1.21
7 1.81x10'^ 0.0320 7.17 X  10"* 1.10 X  10'^ 1.53
8 2.07 X  10'^ 0.0315 7.07 X  10"* 1.36x10'^ 1.93
9 2.33 X 10'^ 0.0315 7.07x10"* 1.62 X  10'^ 2.30
10 2.59 X 10“^ 0.0313 7.02 X  10"* 1.89x10'^ 2.69
* Atomic absorption spectroscopy data, corresponding to a 100 pi of the equilibrium 
solution of silver perchlorate diluted to 20 ml with water.
In Tale 3.37, [Ag^]o, [Ag^]f, are the initial and the equilibrium concentration of Ag"^  in 
aqueous phase while [Ag^]s is the concentration of silver in the nonaqueous phase 
and Dm is the distribution ratio of the metal cation under investigation.
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Table 3.38 Distribution data for (as picrate) in the mutually saturated
water-dichloromethane solvent systems at 298.15 K
[Hg'lo A-354.2* [Hg^lf [H g'is [Hg'1s' Dm
1 5.10x10'^ 0.438 4.55 X 10'^ 5.53 X  10'** 3.06x10** 0 .1 2
2 6.80 X  10'^ 0.575 6.05 X  10'^ 7.51 X 10'^ 5.64x10'** 0 .1 2
3 8.50 X 10'^ 0.712 7.55 X 10'^ 9.49 X 10'^ 9.01x10'** 0.13
4 1 .0 2 x 1 0"* 0.847 9.03 X  10'^ 1.17x10'^ 1.37x10'*** 0.13
5 1.19x10"* 0.980 1.05 X  10"* 1.41 X  10'^ 1.99 X  10'*** 0.13
6 1.36x10"* 1 .1 1 0 1.19 X  10"* 1.69x10'^ 2.84x10'*** 0.14
7 1.53x10"* 1.230 1.32 X  10"* 2.07 X  10'^ 4.28 X  10'*** 0.16
8 1.70x10"* 1.352 1.46x10"* 2.44 X 10'^ 5.94x10'*** 0.17
*UV spectroscopy data, corresponding to a 0.5 ml of the equilibrium solution of 
mercury picrate diluted to 3 ml with water.
In Table 3.38, [Hg^lo, [Hg^lf are the initial and equilibrium concentration of Hg^^ in 
the aqueous phase, while [Hg^ls concentration of mercury in the nonaqueous phase 
and Dm is the distribution ratio of the metal cation under investigation.
From eq. 3.39 it follows that both processes, partition and ion-pair formation, 
contribute to the distribution of the metal-ion salts between the two phases. However 
the data in Table 3.39 indicate that for these salts, the predominant species in the 
organic phase are ion-pairs. That Ka>Kp. while the Kp value for AgC104 in the water- 
dichloromethane solvent system is in close agreement with the value previously 
reported in the literature*** .^ The Ka value for these systems obtained in this work is 
slightly lower than that previously reported (1.13x 10^ )***^ . The higher Kp value for the 
mercury(II) picrate relative to AgC104 may be due to the more favourable partition of 
the picrate relative to the perchlorate anion in the water-dichloromethane solvent 
system, given that the transfer of a bivalent relative to a monovalent cation from water 
to a noaqueous solvent is expected to be less favourable. Indeed the transfer Gibbs 
energy, AtG”, of the picrate anion from water to dichloromethane is 3.89 kJ mol * 
while the corresponding value for the perchlorate anion is 14.48 kJ moT*. These data
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based on the Ph4AsPh4B convention^^ was reported by Danil de Namor and 
coworkers Comparison between transfer and partition Gibbs energies can be 
justified on the basis of the low mutual solubility of water in dichloromethane (1,33 x 
10 * mol dm"^ )*^  ^and viceversa, (2.47 x 10'* mol dm'1*^^.
As far as Ka values are concerned, the higher ion-pair formation constant observed for 
mercury(II) picrate relative to silver(I) perchlorate salts is attributed to the charge of 
the ionic species involved.
Table 3.39 Equilibrium data for the individual processes involved in the 
distribution of mercury(II) and silver(I) in the water-dichloromethane 
solvent system at 298.15 K.
Const. Kp Ka Kd (KpXK») R^
Hg(CeH2N307)2 1.67 x 10'  ^ 1.65x10" 2.76 x 10  ^ 0.99
AgC104 4.71 X 10"^  6.45 x 10"* 30.38 0.99
Having determined distribution data in the absence of the macrocycle, the following 
section discusses distribution experiments carried out in the presence of the 
macrocycle in the organic phase (saturated with water).
204
Results and Discussion
3
2
y  =  1 4 0 0 .1 x  + 0 .0 2 1 7  
R* =  0 .9 91
0
O.OE+00 5.0E-04 1.0E-03 1.5E-03 2.0E-03
[Ag*(s)l
Fig. 3.110 Distribution curve for silver(I) (as perchlorate) in the water- 
dichloromethane solvent system at 298.15 K.
0.18 n
0.16 -
^  0 . 1 4 - y = 8.32E+07x + 0.119 
= 0.99
0.12  -
0.10
OE+00 2E-10 4E-10 [H g W
Fig. 3.111 Distribution curve for mercury(II) (as picrate) in the water- 
dichloromethane solvent system at 298,15 K.
3,10.4 Distribution data in the presence of the macrocycle, 2.
To investigate the effect of 2 on the distribution of Ag"^  (as perchlorate) and Hg^^ (as 
picrate) in the water-dichloromethane solvent system, distribution experiments were 
carried out in presence of 2. To demonstrate the stoichiometry of the extraction 
process, plots of the percentage of extraction, % E, against the ligandimetal cation
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total concentration ratio, [2]/[M"^] are shown in Figs. 3.110 and 3.111. Details are 
given in Appendix 9 (Table 1).
The percentage of the extraction of the metal cation was calculated from
(3.45)
In eq. 3.52; [M"^]o and are the initial and the equilibrium concentrations of the
metal cation in the aqueous phase.
Plots in Fig. 3.112 and 3.113 for mercury and silver respectively show changes in the 
gradient at a ligand/metal cation ratio equal to unity. Thus the stoichiometry of the 
process is defined by the intercept o f these two lines. These finding are in accord with 
the NMR and conductance studies for the complexation of 2 and these metal 
cations. (Section 3.4.2 NMR studies and section 3.7.7 and 3.7.8, conductance 
measurements in dichloromethane).
8 0  1
6 0  -
S  4 0  -
20 -
0 4 - 
0 10 .5
Fig. 3.112 Percentage of extraction (% E) against [2]/[Hg^’*’] concentration ratio 
obtained from the distribution data for mercury(II) picrate in the presence of 2 in 
the organic phase at 298.15 K.
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10 0  -1
8 0  -
6 0  -UJ
4 0  -
20 -
0.0 0 .5 1.0 1 .5
[2 ] / [ A g 1
Fig. 3.113 Percentage of extraction (% E) against [2]/[Ag'^] concentration ratio 
obtained from the distribution data for silver(I) as perchlorate in the presence 
of 2 in the organic phase at 298.15 K.
Having verified the validity of eq.3.42 as far as the stoichiometry for the extraction 
processes is concerned, distribution data in the presence of 2 in the organic phase are 
listed in Tables 3.40 and 3.41 for mercury and silver salts respectively, Data in these 
Tables are analysed. Linear relationships [Fig.3.114 (Hg^^) and Fig. 3.115 (Ag^)] were 
obtained when Dm/[M"'^]"(h20) were plotted against the equilibrium concentrations of 
2 in the water saturated organic phase (eq. 3.44). Thus from the slope and the 
intercept, Kd and Kex values were calculated (consider n=2 and n=l for bivalent and 
univalent cations respectively) in the water dichloromethane solvent system at 298.15 
K. Thus in Table 3.42, Kd and Kex values for these systems are listed. Regression 
coefficients are also included in this Table. As shown in this Table, the Kd values 
obtained from distribution experiments in the absence and in the presence of 2 are in 
good agreement. However the most striking feature of these results is the higher 
extraction constant found for mercury(II) relative to silver. The data show that these 
cations are selectively extracted in the organic phase following the sequence 
Hg^^>Ag^. However, this selectivity order cannot be attributed to the presence of the 
ligand in the organic phase. It is necessary to analyse other factors such as partition 
and ion-pair formation constants in these processes.
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Results and Discussion
Table 3.42. Distribution and extraction data for mercury(II) and silver(I) by 2 in 
the water-dichloromethane solvent system at 298.15 K.
Const. Kd' Kd Kex
TTHg(C6H2N307)2
A gC 104
2 .7 6 x 1 0 '
30.38
3 .6 5 x 1 0 '
30.6
2.62 X 10 
1.00 X 10^
0.99
0.99
* Values obtained in the absence of 2, IQ= KpxKg
1.6E+08 1
1.2E+08 -
8.0E+07 ■
y = 1E+12X + 2E+06 
= 0.994.0E+07 -
O.OE+00
1E-04 2E-041E-046E-05OE+00 EL](8)
Fig. 3.114 Plot of DM/[Hg^’^ ]^ w against the equilibrium concentration of ligand, [L](s) 
in the organic phase in the water-dichloromethane solvent system at 298.15 
K.
10000 -1
7500 -
4à  5000 - 
Q
y = 1E+07X +  30.598  
R* = 0 .992500 -
1.0E-037.5E-045.0E-042.5E-04
Fig. 3.115 Plot of DM/[Ag^]w against the equilibrium concentration of ligand, [L](s) in 
the organic phase in the water-dichloromethane solvent system at 298.15 K.
210
Results and Discussion
It is concluded from the above discussion that the extraction pattern is > Ag^ in 
the presence of 2 in the organic phase.
Extraction data in the water-dichloromethane solvent system although led to 
interesting results, the fact remains in that dichlormethane as most organic solvents is 
environmentally unfriendly. In an attempt to avoid the use of solvents, attachement of 
the macrocycle to silica was carried out and this is discussed in the next Section.
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3.11 Attachment of 2 to silica
Based on thermodynamic data, attempts were made to graft 2 into a solid support. The 
following Scheme was used for this purpose.
OHp.(ert-butylcalix[4]arene 
H
OH
callx[4arene, L,
OH
25,27-bis(nitrilo)raethoxy,
0 -P = S
17, 23-p-aldehyde- 25,27-bis(diethylthio- 
phosphate amino)ethoxy,26,28- 
dihydroxycalix[4]arene,L5
25,27-bis(diethyIthiophosphate amino) 
ethoxy ,26,28-dihydroxycalix[4]arene,L4 25,27-bis(amino)ethoxy,26,
28-dihydroxycalix[4]arene,L;
3-aminopropyldimethylsilylated silica 
U
O—P—S
Modified silica calixarene
Scheme 2. Synthetic route used for the attachment of the calix[4]arene 
thiophosphorus to silica.
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3.11.1 De-/er/-butylation of/;-/'e/*/-butyIcaIix[4]arene, Li.
De-/er/-butylated calixarene (white crystals) was prepared in 85% yield.
NMR measurements have confirmed the existence of the macrocyclic ligand in the 
conformation in solution at 298 K as shown by the two broad peaks arising 
from the bridging methylene axial and equatorial protons at 3.57 and 4.27 ppm 
respectively. A chemical shift change between these protons, (A6(ax-eq)= 0.7 ppm) 
indicates that the compound adopts a flattened conformation in solution.
The NMR spectrum (Fig 3.114) also shows clearly differentiated signals arising 
from the aromatic protons at 7.23 (doublet) and 6.73 ppm (triplet) respectively. The 
signal arising from the phenolic proton gives a singlet at 10.23 ppm.
OH
PPM210 68 'I
Fig. 3.114 NMR spectrum of de-/err-butylatedcalix[4]arene, (Li) at 298 K in 
CDCI3 .
3.11.2 Synthesis of 25,27 bis[nitrilo]methoxy, 26,28 dihydroxycaUx[4]arene, L2.
This ligand (white crystals) was prepared in 75% yield. ‘H NMR measurements have 
confirmed the existence of the macrocyclic ligand in the “cowe” conformation in 
solution at 298 K as shown by the two pairs of doublets at 3.52 and 4.25 ppm.
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The H NMR spectrum (Fig 3,115) show signals corresponding to the equatorial and 
axial protons o f the methylene bridge, the aromatic and the phenolic protons groups 
are clearly differentiated. Thus the aromatic protons show downfield signals (7.13, 
6.82 and 6,77 ppm), while the phenolic hydrogen gives a singlet close to 6.03 ppm. 
Aô(ax^ q) of 0.74 ppm indicates that this compound exists in a ‘cone ' conformation in 
solution.
2.4
2 4
K J
OH ® pe
X AL_
1 PPM
Fig. 3.115 NMR spectrum of de-fer/-butylated, 25,27 bis(nitrilo)methoxy, 26,28 
dihydroxycalix[4]arene, (L2) at 298 K in CDCI3.
3 . 1 1 . 3  S y n t h e s i s  o f  2 5 , 2 7  b i s  [ a m i n o ]  e t h o x y ,  2 6 , 2 8  d i h y d r o x y c a l i x [ 4 ] a r e n e ,  L 3.
This ligand (white crystals) was prepared in 75 % yield.
The NMR spectrum (Fig 3.116) shows two pairs of doublets (3.43 and 4.35 ppm). 
These signals correspond to the equatorial and the axial protons of the methylene 
bridge, respectively. The aromatic protons show downfiled signals (two doublets 
(7.06 and 7.48 ppm, two triplets (6.94 and 6.67 ppm)) while the aliphatic protons -
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CH2- give signals at 4.11 and 3.34 ppm. A broad signal at 8.45 ppm is assigned to the 
amine groups. The phenolic proton gave signals which are outside o f the scale of the 
spectrum.
‘H NMR measurements (Aô(ax-eq)= 0.92 ppm) have confirmed the existence of the 
macrocyclic ligand in the conformation in solution at 298 K,
OH
NH,
9 '
2
3  4
ijL.
j’ 7 8 1
J u _ aX   _
I PPM
Fig. 3.116 NMR spectrum of 25,27 bis(amino)ethoxy, 26,28
dihydroxycalix[4]arene, ^ 3) at 298 K in CDCI3.
3.11.4 Synthesis of 5,11, 17, 23 tetra-i‘e/*/-butyl, 25, 27 bis(diethyl thiophosphate 
amino)ethoxy, 26,28 dihydroxycaIix[4]arene, L 4 .
This ligand (white crystals) was prepared in 60 % yield.
NMR measurements have confirmed the existence of the macrocyclic ligand in the 
conformation in solution at 298 K as shown by the two pairs of doublets. The 
chemical shifts of the axial and the equatorial protons (see Fig. 3.117) are found at 
3.43 and 4.36 ppm respectively. Thus a A6(ax-eq) = 0.93 ppm is the chemical shift
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difference between the axial and the equatorial protons indicating that this ligand 
adopts a ‘cone ' conformation in solution.
The aromatic gi'oups show the signals clearly differentiated with two doublets at 7.05 
and 7.01 ppm, two triplets at 6.84 and 6.67 ppm. The phenolic proton gives a singlet 
at 8.60 ppm while the amine proton shows a triplet at an intermediate field at 5.45 
ppm. The aliphatic protons, -CHi -  at 3.74 and 4.12 ppm and -C H 3  atl.30 ppm give a 
triplet.
OH
NH 9 
•P=S7.10
PPMa 7 5 3 26 4
Fig. 3.117 NMR spectrum of 25,27 bis(diethylthiophosphate amino)ethoxy, 26,28 
dihydroxycalix[4]arene, (L4) at 298 K in CDCI3.
3.11.5 Synthesis of 5,17-/)-aIdehyde-25, 27-bis(diethylthiophosphate amino) 
ethoxy-26,28-dihydroxycaIix[4]arene, Lg.
This ligand (white crystals) was prepared in 60 % yield and the NMR spectra (Fig. 
3.118) of this ligand exhibits a pattern similar to that corresponding to L 4 . Thus is 
shown by a pair o f doublets arising from the axial and equatorial bridging methylene 
protons respectively. A chemical shift difference between the doublets (A0(ax-eq)“  0.81 
ppm) ppm indicates that the ligand presents a ‘co«c’ conformation in solution at 298 
K.
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The spectrum also shows three signals arising firom the Ar-H (singlet at 7,64 ppm, 
doublets at 7,05 ppm, and triplets at 6,88 ppm) respectively, two singlets at 9,30 ppm 
and 9,79 ppm corresponding to the H-11 and H-12 protons respectively. The amine 
proton, H-8 shows a triplet at 5.02 ppm. The methylene protons, H-6, H-7 and H-9 
show signals at 3,73 and 4,11 ppm respectively and the signals arising from the 
methyl groups, H-10 appears at 1,31 ppm.
OH
6.8
PPM4 20 6
Fig, 3,118 NMR spectrum of 5,17 aldehyde, 25,27 bis(diethylthiophosphate 
amino)ethoxy, 26,28 dihydroxycalix[4]arene, (L 5) at 298 K in C D C I3 ,
3.11.6 Synthesis of 3-aminopropyldimethylsilylated silica, Le.
This silicate material (white crystals) was prepared in 90 % yield.
The percentage of nitrogen shown in the microanalysis data (1.0 % see Pag,98) 
confirmed the presence of the NH2 groups in Le, In 1 gram of Le this quantity 
represents 0.715 mmol of nitrogen which is stoichiometrically equivalent to 2.41 
mmol of 3-aminopropyltrimethylsilylated silica. Based on this statement it can be 
concluded that 2,41 mmol of 3-aminopropyltrimethilsilylated is attached per gram of 
Le.
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3.11.7 Synthesis of the polymer calix[4]arene amino thiophosphorus derivative, 
U .
This polymeric material was prepared in 85 % yield. Microanalysis data reported the 
percentage of nitrogen (1.58 %, see Pag. 99). This shows that the % of nitrogen 
increases by 0.58 % in L? relative to Lg. In 1 gram of modified silicate this amount 
represents ~ 0.42 mmol of nitrogen which is stoichiometrically equivalent to 12.84 
mmol of Lg. On this basis, it can be concluded that ~13 mmol of p-aldehyde- 
calix[4]arene aminotiiiophosphorus, Lg, are attached per gram of modified silicate, Lg. 
On the other hand, the lack of solubility of this compound in any solvent (organic and 
inorganic) and the capacity of the material to extract mercury (880 mmol Hg^^ per 
gram of the modified silica) confirms that the calix[4]aminothiophosphorus derivative 
has been attached onto the silicate support.
This was the polymeric material used for the extraction of mercury(II) picrate from 
the aqueous solution.
3.12 Extraction experiments
Mercury(II) picrate was prepared as described in the Experimental Section. Standard 
aqueous solutions of concentration 1.56 x 10“^  mol dm'^ were used in the 
determination of the retention capacity of the calix[4]aminothiophosphorus silicate 
polymer. Fig. 3.116 shows the results of the calibration experiments. This was 
performed prior to determining the concentration of picrate in the effluent solution by 
using UV spectrophotometry at 354.5 nm of wavelength in water. The plot of 
absorbance against concentration of mercury(II) picrate shows a good regression 
coefficient for the straight line obtained.
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I Abs = 4686.5[HgPi2] 
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Fig. 3.116 Calibration curve for mercury(II) picrate in water at 298.15 K.
The experimental conditions selected to investigate the capacity of the resin to take up 
mercury(II) from aqueous solutions are described in Section 2.12. The uptake of Hg^^ 
from the liquid phase to the solid phase by the presence of calix[4]aminophosphorus 
in the material is noimally assumed to be controlled by the process of complexation. 
The mechanism of mercui'y(II) removal is thought to be through complexation and in 
the absence of stoichiometric data it can not be represented.
It was therefore relevant to investigate whether or not the polymer is able to take up 
Hg^^. Thus, mercury(II) uptake by the modified silicate was investigated by analysing 
the initial (Co) and equilibrium concentrations, (Ce) of the picrate in the aqueous 
phase. The amount taken up (cp) by unit weight of the polymer was calculated from.
(p ~ Cq- C .w (mmol/g) (3.52)
In eq. 3.52, W denotes the mass of the polymer in grams.
3.12.1 Mercury (II) uptake by used Le
The 3-aminopropyldimethylsilated silica. Le derivative in the strucrure has amino 
groups, as shown in Fig. 3.117.
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Fig. 1.117, Structure of Lg
In order to determine the Hg^^ uptake of Le extraction experiments were carried out 
by using this derivative as the extracting agent. Results in Table 3.43 and Fig. 3.118 
show the plot of initial and equilibrium concentration of mercury(II) picrate against 
volume of the solution. This clearly demostrates that this material does not up take
Hg.2+
Table 3.43, Extraction Hg2+ picrate data from water by using Lg
-3Vol A-354* [HgPiiif/mol dm^ [HgPiilR/mol d
10 1.204 1.51x10'^ 4.88 X O'"
20 1.208 1.52 X  10’^ 4.38 X 0'^
30 1.206 1.51 X  10'^ 4.63 X 0'^
40 1.207 1.51x10'^ 4.50 X 0'^
50 1.211 1.52x10'^ 4.00 X 0'^
60 1.207 1.51x10'^ 4.50 X 0'^
70 1.208 1.52x10'^ 4.38 X 0'^
80 1.206 1.51x10'^ 4.63 X 0'^
90 1.205 1.51x10'^ 4.75 X 0'^
100 1.212 1.52x10'^ 3.87 X 0'^
110 1.204 1.51 X  10'^ 4.88 X 0'^
120 1.210 1.52x10'^ 4.12 X 0'^
130 1.207 1.51x10'^ 4.50 X 0'^
140 1.211 1.52x10"^ 4.00 X 0'^
150 1.207 1.51x10'^ 4.50 X 0'^
160 1.211 1.52x10’^ 4.00 X 0'^
170 1.204 1.51x10'^ 4.88 X 0'^
180 1.205 1.51x10 ’^ 4.75 X 0'^
190 1.212 1.52x10’^ 3.87 X 0'^
200 1.205 1.51x10'^ 4.75 X 0'^
210 1.207 1.51x10'^ 4.50 X 0'^
220 1.210 1.52x10'^ 4.12 X 0'^
230 1.205 1.51x10'^ 4.75 X 0'^
240 1.212 1.52x10'^ 3.87 X 0 - 5
250 1.211 1.52x10'^ 4.00 X 0'^
*UV spectroscopy data, corresponding to a 0.5 ml of the remaining solution of
Hg^^ picrate dilute to 3 ml with water.
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In Table 4.32 used, [HgPizjf and [HgPi2]R denote the concentration of Hg^ '*' picrate 
at equilibrium solution and in the solid phase respectively. For all calculation the 
initial concentration was 1.56 x 10'  ^mol dm'^.
1.6E-03
1.5E-03
1.4E-03
g  1.3E-03 - 
1.2E-03 
1.1E-03 
1.0E-03
50 100 150
Vol (ml)
200 250
Fig. 1.118 Plot of mercury(II), (as picrate) remaining in the aqueous phase after 
treatment with 3-aminopropyldimethylsilated silica against the volume of 
solution passed through the column.
Having established that Le is a poor extracting agent for Hg^^ uptake, in the next 
section, the use of L? for the extraction mercury(II) uptake from the aqueous solution 
is discussed.
3.12.2 Mercury (II) uptake by used L?
The results shown Table 3.44 and Figs. 3.119 and 3.120 demonstrate the elimination 
of Hg(II) from water increases until the saturation point of the modified silica 
containing the macrocycle is reached. These plots show that before the saturation 
point, the efficiency of the modified silica is at its maximum. After the saturation 
point, a decrease in the remaining capacity of the material is observed. Fig. 3.121 
shows the capacity of the modified silica to uptake Hg^^ from water.
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Table 3.44, Extraction picrate data from  water by using L?
Vol A-354 [HgPizlf/mol dm
3.41 X 10®
[HgPizlR/mol dm^ [ H g P W R / g %E
9 0.016 1.56 X 0'^ 3.60 X 0"* 99.7818 0.012 2.56 X 10 ® 1.56 X O'® 3.61 X O'® 99.8427 0.016 3.41 X 10"® 1.56 X O'® 3.60 X O'® 99.7836 0.008 1.71 X 10® 1.56 X O'® 3.61 X O'® 99.8945 0.010 2.13 X 10 ® 1.56 X O'® 3.61 X O'® 99.8654 0.014 2.99 X 10 ® 1.56 X O'® 3.60 X O'® 99.8163 0.007 1.49x10® 1.56 X O'® 3.61 X O'® 99.9072 0.010 2.13 X 10 ® 1.56 X O'® 3.61 X O'® 99.8681 0.007 1.49 X 10 ® 1.56 X O'® 3.61 X O'® 99.9090 0.008 1.71 X 10® 1.56 X O'® 3.61 X O'® 99.8999 0.008 1.71 X 10® 1.56 X O'® 3.61 X O'® 99.89108 0.009 1.92x10® 1.56 X O'® 3.61 X O'® 99.88117 0.008 1.71 X 10® 1.56 X O'® 3.61 X O'® 99.89126 0.008 1.71 X 10® 1.56 X O'® 3.61 X O'® 99.89
135 0.008 1.71 X 10'® 1.56 X O'® 3.61 X O'® 99.89144 0.009 1.92 X 10® 1.56 X O'® 3.61 X O'® 99.88
153 0.009 1.92 X 10® 1.56 X O'® 3.61 X O'® 99.88162 0.006 1.28 X 10 ® 1.56 X O'® 3.61 X O'® 99.92171 0.007 1.49 X 10 ® 1.56 X O'® 3.61 X O'® 99.90
180 0.009 1.92 X 10 ® 1.56 X O'® 3.61 X O'® 99.88189 0.015 3.20 X 10 ® 1.56 X O'® 3.60 X O'® 99.79198 0.013 2.77 X 10 ® 1.56 X O'® 3.60 X O'® 99.82
207 0.006 1.28 X 10 ® 1.56 X O'® 3.61 X O'® 99.92
216 0.011 2.35 X 10 ® 1.56 X O'® 3.61 X O'® 99.85
225 0.010 2.13 X 10® 1.56 X O'® 3.61 X O'® 99.86
234 0.009 1.92x10® 1.56 X O'® 3.61 X O'® 99.88
243 0.007 1.49 X 10® 1.56 X O'® 3.61 X O'® 99.90
252 0.010 2.13 X 10 ® 1.56 X O'® 3.61 X O'® 99.86
261 0.014 2.99 X 10 ® 1.56 X O'® 3.60 X O'® 99.81
270 0.049 1.05 X 10'® 1.55 X O'® 3.59 X O'® 99.33
279 0.223 4.76 X 10'® 1.51 X O'® 3.50 X O'® 96.95
288 1.132 2.42 X 10 "^ 1.32 X O'® 3.05 X O'® 84.49
297 0.551 7.05 X lO''^ 8.55 X 0"^ 1.98 X O'® 54.71
306 0.846 1.08 X 10'® 4.77 X 0"^ 1.10 X O'® 30.47
315 0.926 1.19 X 10 '® 3.74 X 0'“ 8.67 X O'" 23.89
324 0.979 1.25 X 10® 3.07 X 0'“ 7.10 X O'" 19.54
333 1.009 1.29 X 10 ® 2.68 X O'" 6.21 X O'" 17.07
342 1.044 1.34 X 10 ® 2.23 X O'" 5.17 X O'" 14.19
351 1.068 1.37 X 10® 1.93 X O'" 4.46 X O'" 12.22
360 1.092 1.40x10® 1.62 X O'" 3.75 X O'" 10.25
369 1.113 1.42 X 10® 1.35 X O'" 3.13 X O'" 8.52
378 1.129 1.45 X 10 ® 1.15 X O'" 2.65 X O'" 7.21
387 1.149 1.47 X 10® 8.90 X O'® 2.06 X O'" 5.56
396 1.160 1.49 X 10 ® 7.49 X O'® 1.73 X O'" 4.66
405 1.171 1.50 X 10 ® 6.08 X O'® 1.41 X O'" 3.76
414 1.171 1.50 X 10® 6.08 X O'® 1.41 X O'" 3.76
423 1.171 1.50 X 10 ® 6.08 X O'® 1.41 X O'" 3.76
432 1.171 1.50 X 10 ® 6.08 X O'® 1.41 X O'" 3.76
441 1.171 1.50x10® 6.08 X O'® 1.41 X O'" 3.76
450 1.171 1.50 X 10 ® 6.08 X O'® 1.41 X O'" 3.76
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In Table 3.44, [HgPizJf, [HgPi2]R and [HgPi2]R/g denote the concentrations of Hg^^ 
picrate at equilibrium solution, in the solid phase and per gram of the modified 
silicate respectively. For all calculations the initial concentration was considered to 
be 1.56 X 10'  ^mol dm'^.
1.8E-03 j
1.5E-03 -
1.2E-03 -
9.0E-04 -35,
6.0E-04 -
3.0E-04 -
O.OE+00 -1 J90 180 270 360 450
Vol (ml)
Fig.3.119 Mercuiy(II), (as picrate) remaining in the aqueous phase treatment with the 
modified silicate.
1.8E-03 1
1.5E-03 '
1.2E-03 -
"5) 9.0E-04 -
6.0E-04 -
3.0E-04 -
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459189 279 3699 99
Vol. (ml)
Fig.3.120 Mercury(II) picrate retained into the modified silicate at 298.15 K
Fig. 3.121 shows (I) the absorption capacity of the calix[4]arene amino 
thiophosphorus silicate to uptake Hg^^ per gram of material used and (II) the first 
derivative for the calculation of the saturation point. The material becomes saturated 
at a volume of 288 ml of HgPi2 (1.56 x 10'  ^ mol dm"^). The data analysis show that
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the capacity of saturation is ~ 880 mmol of mercury(II) per gi*am of the modified 
material.
^ 4.0E-03
10 3.0&03 
f  2.0E-03
‘I2 1.05-03
1=• O.OB-00
(I)
(H)
100
»n
i l
Saturation 
point
SfHgPi^ j/Svoi-,
200 300
1.55-04
1.05-04
5.05-05
O.O&OO
400 500
Voi. HgPij (ml)
Fig.3.121 Saturation capacity of calix[4]thiophosphorus silicate at 298.15 K
The efficiency of the silicate calix[4]arene amino thiophosphorus polymer is show in 
Fig. 3.122. This plot clearly demonstrates that mercury(II) is completely removed 
from the aqueous solution. This may be taken as an indication that the receptor is 
attached to the solid support.
100 1 
80 - 
60 
40 - 
20 
0
100 200 300 400 500
Vol. (ml)
Fig.3.122 Percentage of extraction, (% E) of mercury(II) picrate from water by 
calix[4]arene amino thiophosphorus attached to a silicate as solid support at 
298.15 K
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For practical applications of this material and commercial explotation it is necessary 
to assess the possibility of recycling this material for further use. This is now 
described.
3.12.3 Regeneration of the calix[4]amino thiophosphorus silicate polymer
Once the modified silicate is saturated with mercury(II) it was necessary to proceed 
with the recycling process. For this purpose, a ligand soluble in water which is able to 
form a strong metal-ion complex with mercury(II) was used. It is well established that 
the log Ks (Hg^^-EDTA) in water is = 21. Given that 2 is not water soluble, it is not 
possible to compare the stability constant of Hg^^ complexes in two different solvents 
due to the medium effect on the complexation process. However the experimental 
work showed that the removal of mercury(II) from the solid material can be easily 
accomplished by tieating it with an aqueous solution of EDTA 0.01 mol dm'^ (250 
ml) followed by washing the material with water (250 ml), methanol (100 ml) and 
again water (250 ml). Fig. 3.123 shows a plot of the amount of Hg^^ removed from 
the material by EDTA against the volume of EDTA. The results in Fig. 3.123 show 
that the concentration of Hg^^ decreases continuously with an increase of EDTA 
through the solid material. After washing with 250 ml of EDTA solution, the 
remaining concentration of Hg^^ was found to be close that the zero which indicates 
the recycling of the material was achieved. The regenerated material shows the same 
behaviour of the original material.
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Fig. 3.123 Plot of removal of [Hg^^] from the loaded L? against volume of EDTA 
used in the column.
Simplicity in the recovery process is an extremely important factor in any extraction 
process. One of the main problems in solvent extraction technology is the amount of 
solvent lost during the recovery process which is a hazard to the environment. This 
modified silicate can therefore found applications for the removal of mercuiy(II) from 
contaminated sources.
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4. CONCLUSIONS
From the above discussion, the following conclusions can be drawn
i) A three steps synthetic procedure was used to produce partially lower rim 
/7-^er?-butylcalix[4 ]arene derivatives with pendant arms containing, 
oxygen, nitrogen, sulphur and phosphorus as donor atoms, X-ray 
crystallographic studies and *H NM R measurements showed that these 
ligands have a "cone" conformation in the solid state and in solution.
ii) The solution thermodynamics o f 1 show its lower solubility in dipolar 
aprotic solvents (THF, DMF and MeCN) relative to polar solvents (EtOH, 
MeOH and BuOH). This is indeed not the case for an inert solvent such as 
hexane. The enthalpic stability o f 1 is smaller (more positive) in protic 
than in dipolar aprotic solvents. The dissolution processes are enropically 
favoured. Transfer Gibbs energy values from MeCN to other solvents are 
close to zero as a result o f and enthalpy entropy compensation effect.
iii) Solubility data o f 2 in acetonitrile, methanol and ethanol at 298.15 K 
reveal that the standard Gibbs energy (and hence, the solubility) values are 
not significantly different.
iv) Small shifts changes were observed in the interaction o f 1 with alkaline- 
earth metal cations in acetonitrile-d. The oxygen donor atom o f 1 seem to 
be involved in he complexation process involving these cations in this 
medium. Conductance and calorimetric measurements show that one metal 
cation interacts with two units of ligand.
v) The interaction o f 1 with heavy metals in CD3CN gave rise to 1:1 
complexes. Significant chemical shift changes are observed for the 
methylene protons adjacent to the oxygen donor atoms suggesting that 
these atoms provide the main active sites o f interaction with the cation 
while the niti ogen atoms o f the ligand appear to play a secondary role.
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vi) As far as 2 and soft metal cations (Hg^^ and Ag" )^ are concerned, 
pronounced chemical shift changes are observed in the methylene protons 
adjacent to the N  and O donor atoms on complex formation with these 
metal cations. No significant chemical shift changes were found by the 
addition o f other metal cations to this ligand in acetonitrile.
vii) Interaction studies o f 1 and 2 with perchloric acid in acetonitrile at 298.15 
K show that 1 is able to undergo protonation. This is not the case for 2.
viii) The thermodynamic o f complexation o f 1 and 2 with metal cations is 
reported. The results suggest that.
(a) 1 is able to interact with bivalent cations in acetonitrile giving 1:2 
(cation:ligand) which alkaline-earth and lead(II) metal cations. A selective 
pealc for Ca^ "^  over the other metal cations is found. For other bivalent 
cations (Cd^'^, Hg^^, Cu^^, Zn^" )^, 1:1 (metal ligand) complexes o f moderate 
stability aie found as a result o f an enthalpy-entropy compensation effect.
(b) Thermodynamic studies involving 2 and metal cations show that the 
strength o f complexation with Hg^^ is higher than that with Cu^^ and Ag^ 
in acetonitrile and methanol at 298.15 K. The outcome o f this investigation 
shows that the presence o f sulphur donor atoms in the ligand structure 
enhances selective properties o f this ligand relative to 1.
ix) Attachment o f 2 into the solid support was achieved. The lack o f solubility 
o f this material, together with the microanalysis data and the ability to 
extract mercury(II) confirm the grafting o f the ligand into silica.
x) The capacity o f the modified silicate to selectively extract mercury cation 
from aqueous solution was quantitatively evaluated, the capacity o f this 
material was found to be 880 mmol o f mercury(II)/gram of modified 
silicate.
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xi) Recycling o f the material loaded with Hg^ "^  was achieved by the use o f an 
aqueous solution o f EDTA. The choice o f this chelating agent was based 
on the high stability constant o f EDTA and Hg^ "^  in water.
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S u g g e s t i o n s  f o r  f u r t h e r  w o r k .
i) The use o f p-rerr-butylcalix[4]arene amino phosphorus derivatives for the 
design o f ion selective electrodes should be explored.
ii) Attempts to isolate suitable crystals o f the metal-ion complexes involving 
alkaline-earth metal cations and 1 for X-ray diffraction studies should be 
made.
iii) Further investigations on the properties o f the polymeric material should 
be carried out.
iv) Other synthetic routes should be investigated to increase the extraction 
ability o f the modified silicate material. This may be achieved by a fully 
functionalised thiophosphorus derivative.
230
REFERENCES
1. G. A. Melson, ""Coordination Chemistry o f  Macrocyclic Compounds"", Plenum 
Press, 1979.
2. H.J. Schneider, D. Guttes and U. Schneider; J. Am. Chem. Soc., 1988, 110, 
844.
3. B.G. Cox and H. Schneider, “Coordination, Transport Properties o f  
Macrocyclic Compounds in Solution” New York Blservier, 1992.
4. R.M. Izatt and J.J. Christensen; “Progress in Macrocyclic Chemistry”, 1 
Wiley & Sons, 1979.
5. G. ^QXvz',Angew. Chem. Int. Ed. Engl., 1994,10, 857.
6. A.F. Danil de Namor, R. Traboulssi and D.F.V. Lewis; J. Am. Chem. Soc., 
1990,112, 8442.
7. A.F. Danil de Namor, D.A. Pacheco Tanaka, L.Nunez Regueira and I. Gomez 
Orellana; J. Chem. Soc. Faraday Trans., 1992, 88, 1665.
8. C.J. Pedersen; J. Am. Chem. Soc. 1970, 92, 386.
9. A.F. Danil de Namor; Pure & Appl. Chem., 1990, 62, 2121.
10. A.F. Danil de Namor, M.A. Llosa Tanco, M. Salomon and J.C.Y. Ng; J. Phys.
Chem., 1994, 98, 11796.
11. J. Costa and R. Delgado; Talanta, 1992, 39, 249.
12. B. Dietrich, J.M. Lehn and J.P. Sauvage; Tetrahedron Lett., 1969, 2885.
13. D.J. Cram, T. Kaneda. R.C. Helgeson and G.M. Lein; J. Am. Chem. Soc.,
1979,101, 6752.
14. C.D. Gutsche and R. Muthulcishnan; J. Org. Chem., 1978, 43, 4905.
15. Calixarenes 2 0 0 1 ,  Eds. Z. Asfari, V. Bôhmer, J. Harrowfield and J. Vicens; 
Ed. Kluwer Academic Publishers, 2001.
16. C.D. Gutsche; "Calixarenes" Monographs in Supramolecular Chemistry', Ed. 
F.J. Stoddart; The Royal Society o f Chemistry; London , 1989.
17. Calixarenes 50^  ^ Anniversary'. Commemorative Volume, Eds, J. Vicens, Z. 
Asfari and J.M. Harrowfield; Kluwer Academic Publishers, Dordrecht, 1994.
231
18. Calixarenes. A Versatile Class o f  Macrocyclic Compounds', Eds. J. Vicens, V. 
Bôhmer; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1991.
19. J.D. Lamb, R.M. Izatt, S.W. Swain and J.J. Christensen; J. Am. Chem. Soc. 
1980,102, 475.
20. J.M. Lehn and P.A. Sauvage; J. Am. Chem. Soc., 1975, 97, 6700.
21. F. Arnaud-Neu„ G. Barret, S.J. Harris, M. Owens, M.A. McKervey, M.J. 
Schwing-Weill and P. Schwinte; Inorg. Chem., 1994, 32, 2644.
22. R. Ungaro, A. Casnati, F. Ugozzoli, A. Pochini, J.F. Dosol, C. Hill and H. 
Ko\\g\XQitQ\ Angew. Chem. Int. Ed. Engl., 1993, 33, 1505.
23. Y. Morzherin, D.M. Rudkevich, W. Verboom and D.N. Reinhoudt; J, Org. 
Chem., 1993, 58, 7602.
24. J. Scheerder, M. Fochi, J.F.J. Engbersen and D.N. Reinhoudt; J. Org. Chem., 
1994, 33, 1505.
25. J.D. van Loon, J.F. Heida, W. Verboom and D.N. Reinhoudt; Reel. Trav. 
Chim. Pays-Bas, 1992, 33, 353.
26. C.D. Gustche and K.A. See; J. Org. Chem. 1992, 57,4527.
27. H. Murakami and S. Shinkai; Tetrahedron Lett.1992, 34, 4237.
28. P. Timmerman, E.A. Brinks, W. Verboom and D.N. Reinhoudt; J. Chem. Soc. 
Chem. Commun.1995, 417.
29. Suk-Syu Gang; J. Chem. Soc. Perkin Trans. I, 1986, 211.
30. F. Arnaud-Neu, E.M. Collins, M. Deasy, G. Fegurson, S.J. Harris, B. Kaitner, 
A.J. Lough, M.A. McKervey, E. Marques, B.H. Ruhl, M.J. Schwing-Weill, 
and E. M. Seward; J. Am. Chem. Soc. 1989, 111, 8681.
31. G. Calestini, F. Ugozzoli, A. Arduini, E. Ghidini and R. Ungaro; J. Chem. 
Soc. Chem. Commun. 1987, 92, 1731.
32. A.F. Danil de Namor, F.J. Sueros Velarde and M.C. Cabaleiro; J. Chem. Soc. 
Faraday Trans. 1996, 92, 1731.
33. P.L. Cobben, R.J. Egberinik, J.G. Borner, P. Bergveld, W. Verboom and D.N. 
Reinhoudt; J. Am. Chem. Soc. 1992,114, 10573.
34. L.T. Byrne, J.M. Harrowfield, D.C. Hockless, B.J. Peachey, B.W. Skelton and 
A.H. White; J. Chem. 1993, 46, 1673.
232
35. K. Iwamoto, K. Araki and S. Shinkai; J. Org. Chem. 1991, 56, 4955.
36. A.F. Danil de Namor, R.G. Hutcherson, F.J. Sueros Velarde, A. Alvarez-
Larena and J.L. Brianso; J. Chem. Soc. Perkin Trans 1. 1998, 2933.
37. C.D. Gutsche, J.A. Levine and P.K. Sujeeth; J. Org. Chem. 1985, 50, 5802.
38. O. Alekiuk and S.E. Biali; Tetrahedron Lett. 1993, 34, 4857.
39. C.D. Gutsche, and P.F. Pagoria; J. Org. Chem. 1985, 60, 5795.
40. F. Hamada, S.G. Bott, G.W. Ott, A.W. Coleman, H. Zhang and J.L. Atwood;
J. Inclusion. Phenom. Mol. Recognit. Chem. 1990, 9, 195.
41. S. Shinkai, T. Tsubald, T. Sone and O. Manabe; Tetrahedron Lett. 1985, 26, 
3343.
42. K. No and Y. Noh; Bull. Korean Chem. Soc. 1986, 7, 314.
43. W. Verboom, A. Durie, R.J.M. Egberink, Z. Asfari and D.N. Reinhoudt; J.
Org. Chem., 1992, 57, 1313.
44. Y. Morzherin, D.M. Rudkevich, W. Verboom and D.N. Reinhoudt; J. Org. 
Chem., 1993, 58, 7602.
45. V. Arora, H.M. Chawla and A. Santra; Tetrahedron, 2002, 58, 5591.
46. A. Arduini, S. Fanni, G. Manfredi, A. Pochini, R. Ungaro, A.R. Sicuri and F. 
Ugozzoli; J  Org. Chem. 1995,60, 1448.
47. C.D. Gutsche and J.A. Levine; J. Am. Chem. Soc. 1982,104, 2652.
48. C.D. Gutsche and K.C. Nam; J. Am. Chem.Soc. 1988,110, 6153.
49. S.K. Sharma and C.D. Gutsche; Tetrahedron Lett.. 1993, 34, 5389.
50. C.D. Gutsche, Calixarenes, The Royal Society of Chemistry, Cambridge, 
England, 1989.
51. Z. Asfari and J. Vicens; Tetrahedron Lett., 1988, 29, 2659
52. V. Bôhmer, F. Marschoilet and L. Zetta; J. Org. Chem. 1987, 52, 3200.
53. A.F. Danil de Namor; Pure &Appl. Chem., 1993,65, 193.
54. A.F. Danil de Namor, J. Wang, I. Gomez Orellana, F.J. Sueros Velarde and 
D.A. Pacheco Tanaka; J. Inclusion. Phenom. Mol. Recognit. Chem, 1994,19, 
371.
55. R. Arduini, A. Pochini, S. Reverberi and R. Ungaro; J. Chem Soc. Chem. 
Commun. 1984, 981.
233
56. C.D. Gutsche and L.J. Bauer; Tetrahedron Lett, 1991, 22, 4763.
57. J. W. Cornforth, P. D ’Arcy Hart, G. A. Nicholls, R. J. W. Rees and J. A.
Stock; Br. J. Pharmacol., 1955,10, 73.
58. C.D. Gutsche, B. Dhawan, K.H. No and R. Muthula'ishnan; J. Am. Chem. 
Soc., 1981,103, 3782.
59. C.D. Gutsche and L.J. Bauer; J. Am. Chem. Soc., 1985,107, 6052.
60. C.D. Gutsche, B. Dhawan, K.H. No, J.A. Levine and L.J. Bauer; Tetrahedron
1983,39, 409.
61. G.D. Andretti, R. Ungaro and A. Pochini; J. Chem. Chem. Commun. 1985, 
333, 475.
62. A.F. Danil de Namor, M.T. Garrido Pardo, D.A. Pacheco Tanaka, F.J. Sueros 
Velarde, J.D. Cardenas Garcia M.C. Cabaleiro and J.M. Al-Rawi; J. Chem. 
Soc. Faraday Trans., 1993, 89, 2727.
63. A.F. Danil de Namor, P.M. Blackett, M.T. Garrido Pardo, D.A. Pacheco 
Tanaka, F.J. Sueros Velarde, J.D. Cardenas Garcia and M.C. Cabaleiro; Pure 
& Appl. Chem., 1993, 65,415.
64. R.M. Izatt J.D. Lamb, R.T Hawkins, P.R. Brown, S.R. Izatt and J.J. 
Christensen; y. Am. Chem. Soc. 1983,105, 1782.
65. R.M. Izatt, R.T Hawkins, J.J. Christensen and S.R. Izatt; J. Am. Chem. Soc. 
1985,107, 63.
66. J.M. Harrowfield, M.I. Ogden and A.H. White; J. Chem. Soc. Dalton Trans. 
1991,2153.
67. A. F. Danil de Namor, R.M. Cleverley and M.L.Zapata-Ormachea; Chem. 
Rev., 1998, 98, 2495.
68. F. Arnaud-Neu, G. Barrett, S. Cremin, M. Deasy, G. Fegurson, S.J. Harris, 
M.A. McKervey, M.J. Schiwing-Weill and P. Schwinte; J. Chem. Soc. Perkin 
Trans. 2, 1992, 1119.
69. A.F. Danil de Namor, S. Chahine, D. Kowalska, E.E. Castellano and G.E. 
Piro; J. Am. Chem. Soc. 2002,124, 12824
70. A. F. Danil de Namor, M.L.Zapata-Ormachea, O. Jafou and N. A1 Rawi; J. 
Phys. Chem., 1997,101, 6772.
234
71. A. F. Danil de Namor, N. Apaza de Sueros, M.A. McKervey, G. Barrett, F. 
Arnaud-Neu and M.J. Schwing-Weill; J. Chem. Soc. Chem. Commun., 1991, 
1546.
72. A. F. Danil de Namor, M.C. Cabaleiro, B.M. Vuano, M. Salomon, O.I. 
Pieroni, D.A. Pacheco Tanaka, C.Y. Ng, M.A. Llosa-Tanco, N.M. Rodriguez, 
J.D. Cardenas and A.R. Casal; Pure Appl. Chem., 1994, 66, 435.
73. A. F. Danil de Namor, E. Gil, M.A. Llosa-Tanco. D.A. Pacheco-Tanaka, L.E. 
Pulcha-Salazar, R.A. Schulz and J. Wang; J. Phys. Chem., 1995, 99, 16776.
74. M.H. Abraham, A.F. Danil de Namor and W.H. Lee; J. Chem. Soc. Chem. 
Commun., 1977, 893.
75. B.G. Cox, G.R. Hedwing, A.J. Parker and D.W. Watts; Aust. J. Chem. 1974, 
27,477.
76. P.D. Beer, M.G. Drew, P.B. Lesson and M.I. Ogden; J. Chem. Soc. Dalton 
Trans. 1995, 1273.
77. A.T. Yordanov and D,M, Roundhill; Inorg. Chim. Acta, 1998, 270, 216.
78. J. Burgess; Metal Ions in Solution; Ellis Horwood Limited: UK, 1978.
79. R. M. Izatt, J. J. Christensen and R. T. Hawkins; U. S. Patent, 4, 477, 377, 
1984.
80. Y. Kondo, T. Yamamoto, O. Manabe, and S. Shinkai; Jpn. Kolmi Tokliyo 
Koho, JP 63/197544 A2 16 Aug 1988.
81. S. Shinkai, H. Hawaguchi and O. Manabe; J. Pol. Sci. Part. C; Polym. Lett. 
1998, 39, 391.
82. K. Kimura, T. Miura, M. Matsuo and T. Shono; Anal. Chem. 1993, 62, 1510.
83. K. Kimura, Y. Tsujimara and M. Yokoyama; Pure Appl. Chem. 1995, 67, 
1085.
84. E. Malinowska, Z. Brzozka, K. Kasiura, R. Egberink and D.R. Reinhoudt; 
Anal. Chim. Acta, 1994, 298, 253.
85. L. Chen, X. Zeng, H. Ju, X. He and Z. Zhang; J. Microchem.; 2000, 65, 129.
86. J. Lu, X. Tong and X. He; J. Electroanal. Chem. 2003, 111, 540.
87. K.M. O ’Connor, D.W. Arrigan and G. Svehla; Electroanalysis, 1995, 7, 205.
88. M. Shamsipur and M. H. Mashhadozadeh; Talanta, 2001, 53, 1065.
235
89. D.M. Duncan and J.S. Cockayne; Sens. Actuators, B, 2001, 73, 228.
90. D. Desmond, B. Lane, J. Alderman, J.D. Glennon, D. Diamond and D.W.M. 
Arrigan; Sens. Actuators, B, 1997, 44, 389.
91. E. Bakker, D. Diamond, A. Lewenstam and E. Pretsch; Anal. Chim. Acta, 
1999,393, 11.
92. W. H. Chan, P. X. Cai and X. H. GU; Analyst, 1994,119. 1853.
93. R. Perrin, L. Lamartine and M. Perrin; Pure & Appl. Chem. 1993, 65, 1549.
94. K. Araki, K. Akaro, A. Ikeda, T. Susuki and S. Shinkai; Tetrahedron Lett., 
1996, 37, 73.
95. J.L. Atwood, G.A. Koutsantonis and C.L. Raston; Nature, 368, 229, (1994 
K.P. Wainwright, PCT Int. A ppl, WO 8908092, 1989).
96. D.M. Roundhill; Prog./«org. CAem. 1995, 43, 533.
97. P.L.H.M. Cobben, R.J.M. Egberink, J.G. Bomer, P. Bergveld, W. Verboom 
and D.N. Reinhoudt; J. Am, Chem. Soc. 1992,114, 10573.
98. G. Drasch, L.V. Meyer and G. Kauert; Fresenius’Z. Anal. Chem. 1982, 311, 
571.
99. S. Ichinoqui, T. Morita and M. Yamazaki; J. Liq. Chromatogr. 1983, 6, 2079.
100. S. Ichinoqui, T. Morita and M. Yamazaki; J. Liq. Chromatogr. 1984, 7, 2467
101. G. Bozsai and M. Csanady; Fresenius’Z. Anal. Chem. 1979, 297, 370
102. D.H. Busch; Prog. Chem. Rev., 1993, 93, 847.
103. F. Arnaud-Neu, S. Fanni, L. Guerra, W.M. McGregor, K.Ziat, M.J. Schwing- 
Weill, G. Barrett, M.A. McKervey, D. Marrs and E.M. Seward; J. Chem, Soc., 
Perkin Trans. 2, 1995, 113.
104. M. Yilmaz and H. Deligoz; Sep. Sci Technol. 1996, 31, 2395.
105. M. Nishida, M. Sonada, D. Shii and I. Yoshida; Chem. Lett. 1998, 289.
106. G.G. Talanova, V.S. Talanov and R.A. Bartsch; J. Chem. Soc. Chem. 
Commun. 1998, 419.
107. A. F. Danil de Namor, M. T. Goitia, A. R. Casal. F.J. Sueros Velarde, M.I. 
Barja Gonzalez, J. Villanueva-Salas and M.L. Zapata-Ormachea; Phys. Chem. 
Chem. Phys., 1999,1, 3633.
236
108. A. F. Danil de Namor, M. T. Goitia, A. R. Casai and J. Villanueva Salas;
Phys. Chem. Chem. Phys2QQ\^ 3, 5242.
109. A. F. Danil de Namor, A. Pugliese, A. R, Casal, M. Barrios Llerena. P. J. 
Aymonino and J. Sueros Velarde; Phys. Chem. Chem. Phys., 2000, 2, 4355.
110. A. F. Danil de Namor, F. J. Sueros Velarde, A. R. Casal, A. Pugliese, M. T.
Goitia, M. Montero and F. Fraga Lopez; J. Chem. Soc. Faraday Trans., 1997,
93, 3955.
111. A. F. Danil de Namor, M. A. Pugliese, A. R. Casal, W. B. Aparicio-
Aragon, O. E. Piro and E. E. Castellano; Phys. Chem. Chem. Phys., 2004, 6,
3286.
112. X. Delaigue, M. Hosseini, N. Kyritsakas, A. de lean and J. Fischer; J. Chem. 
Soc. Chem. Commun. 1995, 609.
113. T. Nagazaki and S. Shinkai; Bull. Chem. Soc. Jpn. 1992, 56, 471.
114. S.J. Harris, G. Barret and M.A. McKervey; J. Chem, Soc. Chem. Commun.
1991, 1224.
115. D.M. Gravett and I.E. Guillet; Macromolecules 1996, 29, 617.
116. Z.L. Zliong, C.P. Tang, C.Y. Wu and Y.Y. Chen; J. Chem. Soc. Chem.
Commun. 1995, 1737.
117. K. Ohto, Y. Tanaka and K. Inoue; Chem. Lett. 1997, 647.
118. M.T. Blanda and E. Adou; Po/jm. 1997, 39,3821.
119. M.T. Blanda and E. Adou; J. Chem. Soc. Chem. Commun. 1998, 647.
120. T. Nishikubo, A. Kameyama, K. Tsutsui and M. lyo; J. Polym. Chem. 1999, 
37,1805.
121. M. Yilmaz, and H. Deligoz; Macromol.Rep., 1994, 31, 137.
122. H. Deligoz and M. Yilmaz; J. Pol. Sci., Part A: polym. Chem. 1994,32, 2961.
123. H. Deligoz and M. Yilmaz; J. Pol. Sci., Part A: polym. Chem. 1995, 33, 2851.
124. H. Deligoz and M. Yilmaz; Solvent Extr. Ion Exch. 1995,13, 19.
125. H. Deligoz and M. Yilmaz; Synth. React. Inorg. Met. Org. Chem. 1993, 26, 
285.
126. H. Deligoz and M. Yilmaz; React. Funct. Polym. 1996, 31,81.
127. S. Memon, G. Uysal and M. Yilmaz; React. Funct. Polym.. 2001, 47, 165.
237
128. S. Shinkai, S. Mori, H. Koreishi, T. Tsubaki and O. Manabe; J. Am. Chem 
Soc. 1986,108, 2409.
129. Y.K. Lee, R.K.Ryu, J.W. Ryu, B.E. Kim and J.H. Park; Chromatogr. 1997, 
46, 9.
130. R. Brindle, K. Albert, S.J. Harris, C. Troltzsch, E. Horne and J. D. Glennon; J. 
Chromatogr. A., 19896, 731, 41
131. D.D. Perrin, W.L.F. Armarego and D.R. Perrin; ^''Purification o f  Laboratory 
C h e m ic a l  2"^ Ed. Pergamon Press UK, 1980.
132. B.S. Furniss, A.J. Hannford, P.W.G. Smith and A.R. Tatchell; 'Textbook o f  
Practical Organic Chemistry'5^  ^Eds. Longman Group UK Limeted, 1989.
133. L.M. Harwood and C.J. Moody; 'Experimental Organic Chemistry, Principles 
and Practice’, Blackwell Scientific Publication, 1980.
134. A. F. Danil de Namor; Coord. Chem. Rev., 1999,190, 283.
135. A. F. Danil de Namor, O.E. Piro, L.E. Pulcha-Salazar, A.F. Aguilar-Cornejo, 
N. A1 Rawi, E.E. Castellano and F.J. Sueros-Velarde; J. Chem. Soc. Fraday 
Trans., 1998,94,3097.
136. A. F. Danil de Namor, L.E. Pulcha-Salazar, M.A. Llosa-Tanco, D. Kowalska, 
J. Villanueva-Salas and R.A. Schulz; J. Chem. Soc. Faraday Trans., 1998, 
94,3111.
137. ^Experiments in Thermometric Titrimetry and Titration Calorimetry’, Eds. 
D.J. Eatough, J.J. Christensen and R.M. Izatt; Brigham Young Univ. Press. 
Provo Utah, 1974.
138. R. Ii-ving and I. Wadso; Acta Chem.Scand. 1964,18, 195.
139. H. C. Dickinson; Bull. Nat. Bur. Std., 1914,11, 189.
140. S. Wolf and Z. Fortuin; Anal. Chem., 1970,250, 13.
141. L. Safarik and Z. Stransky, in Titrimetric Analysis in Organic Solvents- 
Comprehensive Analytical Chemistry", Ed. G. Svehia, Elsevier, Amsterdam, 
1986.
142. R.M. Fuoss and K.L. Hsia; Proc. Natl. Acad. Sci., 1967, 57, 1550.
143. K. Nakatani, J. Yamashita, T. Sekine, M. Toriumi and T. Itani; Jpn. Soc. Ana. 
Chem. 2003,19, 775.
238
144. A. F. Danil de Namor, M.L.Zapata-Ormachea and R. Hutcherson; J. Phys. 
Chem. B, 1998,102, 7839.
145. A. F. Danil de Namor, M. A. Llosa Tanco, M. Salomon and J. C. Y. Ng; J. 
Phys. Chem., 1994,98, 11796.
146. A. F. Danil de Namor, M.L.Zapata-Ormachea and R. Hutcherson; J. Phys. 
Chem. B, 1999,103, 366.
147. J. Gutknecht, H. Schneider and J. Stroka; Inorg. Chem., 1978,17, 3326.
148. B.G. Cox, H. Schneider and J. Stroka; J. Am. Chem. Soc. 1978,100, 4746.
149. B.G. Cox, J.Carcia-Rosas and H. Schneider; J. Phys. Chem., 1980, 84, 3178.
150. B.G. Cox, J.Garcia-Rosas and H. Schneider; J. Am. Chem. Soc., 1981, 103,
1384.
151. J.J. Christensen, J. Ruckman, D.J. Eatough and R.M. Izatt; Thermochim. Acta,
1972.3 203.
152. J.J. Christensen, J. Ruclonan, D.J. Eatough and R.M. Izatt; Thermochim. Acta,
1972.3 213.
153. J.J. Christensen, J. Ruckman, D.J. Eatough and R.M. Izatt; Thermochim. Acta,
1972.3 233.
154. A. F. Danil de Namor, D. Kowalska, E,E, Catellano, O.E. Piro, F.J. Sueros- 
Velarde and J. Villanueva-Salas; J. Phys. Chem. Chem. Phys., 2001, 3, 4010.
155. A. F. Danil de Namor, D. Kowalska, Y. Marcus and J. Villanueva-Salas; 
Phys. Chem. B., 2001,105, 7542.
156. J. Jordan and P.W. Carr, in R.S. Porter and J.F. Johnson; Analytical 
Calorimetry, Plenum, New York, 1968, p. 203.
157. J. J. Christensen, R.M. Izatt, I.D. Hansen; Rev. Sc. Instrument, 1965, 36, 779
158. J. O. Hill, G. Ojelund and I. Wadso; J. Chem. Thermodyn, 1969,1, 111.
159. J. Suurkuusk and I. Wadso; Chim. Script., 1982,20, 155.
160. LKB 2277 Thermal Activity Monitor, Instruction Manual', LKB Produlcter AB; 
Bromma, Sweden, 1985.
161. L.E. Briggner and I. Wadsô; J. Biochem. Biophys. Methods, 1991,22, 101
162. R.M. Izatt, J.J. Christensen and R.T. Hawkins; U.S. Patent 4, 477, 377,16 Oct. 
1984,(CA:101:218333).
239
163. H.A. Flasctîka; EDTA Titrations, Pergamon Press Inc. New York, (USA), 
1968.
164. I. Lazar, A.D. Sherry, R. Ramassamy, E. Brucher, and R. Kiraly; Inorg. 
Chem. 1991,30, 5016.
165. E. Grunwald and C.Steel; J. Am. Chem,. iS'oc.1995,117, 5687.
166. O. Popovych and R.P.T. Tomkins; Nonaqueous Solution Chemistry, J. Wiley 
& Sons. Inc. New York, (USA), 1981.
167. P. Zikolov, A. Astrug and O. Budevsky; Talanta, 1975, 22, 511.
168. R.A. Robinson and H. Stokes; Electrolyte Solutions, 2"  ^ Ed./Revised, London, 
2002.
169. J.E. Coetze and G. R. Padmanabian; J. Am. Chem. Soc. 1965, 87, 5005.
170. I. M. Kolthoff, M. K. Chantooni, Jr. and S. Bhomik; Anal. Chem. 1967, 39, 
1627.
171. P. Gans, A. Sabatini and A. Vacca; Talanta, 1996, 43, 1739.
172. A.K. Covington, T. Dickinson; Physical Chemistry o f  Organic Solvent 
Systems, Plenum Press, London and New York, (1973).
173. G. Ojelund and I. Wadso; Chem. Scand, 1968, 22, 2691.
174. JE. Huheey; Inorganic Chemistry: Principles o f  Structure and Reactivity', 
Harper & Row, Publishers, Inc. New York, second Ed. 1978.
175. A. F. Danil de Namor, W. B. Aparicio-Aragon, M. T. Goitia and A. R. Casal; 
J. Supramol. Chem., 2004 ,16, 423.
176. A. F. Danil de Namor, R. Traboulssi, F. Fernadez Salazar, V. Dianderas de 
Acosta, Y. Fernandez de Viscardo and J. Munoz Portugal; J. Chem. Soc. 
Faraday Trans. 1, 1989, 85, 2705.
177. A. F. Danil de Namor, J. Zvietcovich-Guerra and V. Grachev; Unpublished 
Results.
240
Appendix
This Appendix contains NM R and NMR spectra for 1 and 2, X-ray 
crystallographic data for 1, 2 and silver, titration data for the protonation o f 1 and 
titration data for the complexation o f 1 and 2 with heavy and transition metal cations 
in acetonitrile at 298,15 K, calorimetric titration data and potentiometric titration data.
This Appendix contains.
Appendix 1: NM R spectra for the ligands 1 and 2
Appendix 2: *H NM R spectia for 1 and 2 in acetonitrile-d at 298 K
Appendix 3: X-ray Crystallographic data for 1 and 2 and the Ag-2 complex
Appendix 4: Potentiometric titration data for the calculation o f the autoprotolysis
constant o f acetonitrile at 298.15 K.
Appendix 5: Potentiometric titration data for the protonation o f 1
Appendix 6: Potentiometric titration data for the complexation 1 and 2 with Ag“^ and
Hg^^ in acetonitrile and methanol at 298.15 K.
Appendix 7: Conductance data for the complexation 1 and 2 with metal cations.
Appendix 8. Microcalorimtric data for the complexation 1 with bivalent metal
cations in acetonitrile at 298.15 K.
Appendix 9. Percentage o f Hg^^ and Ag"^  extiacted by 2 from the aqueous to the 
dichloromethane phase.
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Appendix 1: NMR spectra for the ligands 1 and 2
I I H 181  S§
100140 120 80 60 40 20 PPM
Fig. 1 NMR spectra for 1  in chloroform-d at 298 K
t i S 3 A RRN 6i
140 120 100 80 60 40 20 PPM
Fig. 2 NMR spectra for 2 in chloroform-d at 298 K
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Appendix 2: *H NMR spectra for 1 and 2 in acetonitrile-d at 298 K
sa
OH
PPM
Fig. 1 NM R spectra for 1  in acetonitrile-d at 298 K
OH
9HN
S = P -0
N10
PPM
Fig. 2 *H NMR spectra for 2 in acetonitrile-d at 298 K
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Appendix 3: X-ray Crystallographic data for 1 and 2 and the Ag-2 complex 
Table 1: Bond distances (Â) for 1
A to m  A A to m  B D is t A to m  A A to m  B D ist A to m  A A to m  B D ist
C l l 0 1 2 1 .354 0 3 2 0 3 1 1.365 0 1 1 4 0 1 1 3 1.553
C l l 0 1 1.367 0 3 2 0 3 3 1.406 0 2 1 0 0 2 7 1.498
C l l 0 1 6 1 .489 0 3 2 0 2 3 ’ 1 .595 0 2 1 1 0 2 1.441
0 1 2 O i l 1 .354 0 3 3 0 3 2 1.406 0 2 1 1 0 2 1 2 1.530
0 1 2 0 1 3 1 .442 0 3 3 0 3 4 1.410 0 2 1 2 N 2 1.419
0 1 2 0 4 1 ’ 1 .525 0 3 4 ’ 0 4 2 1.472 0 2 1 2 0 2 1 1 1.530
0 1 2 ’ 0 1 6 1 .525 0 3 4 ' 0 3 6 1.565 0 2 1 3 0 2 1 1.436
0 1 2 ’ 0 2 2 1.561 0 3 4 0 3 3 1.410 0 2 1 3 0 2 1 4 1.485
0 1 3 0 1 4 1.410 0 3 4 0 3 5 1.429 0 2 1 4 0 2 1 3 1.485
0 1 3 0 1 2 1.442 0 3 4 0 3 7 1.551 0 2 1 5 0 2 1 6 1.321
0 1 4 0 1 5 1 .375 0 3 5 0 3 6 1 .367 0 2 1 5 0 2 3 1.489
0 1 4 0 1 3 1.410 0 3 5 0 3 4 1.429 0 2 1 6 0 2 1 5 1.321
0 1 4 0 1 7 1.516 0 3 6 0 3 5 1.367 0 3 1 0 0 3 7 1.567
0 1 5 0 1 6 1 .352 0 3 6 0 3 1 1.413 0 4 1 0 0 4 7 1.521
0 1 5 0 1 4 1.375 0 3 6 0 3 4 ’ 1.565 0 4 1 1 0 4 1.435
0 1 6 0 1 5 1.352 0 3 7 0 3 8 1.509 0 4 1 1 0 4 1 2 1.498
0 1 6 O i l 1 .489 0 3 7 0 3 4 1.551 0 4 1 2 N 4 1.460
0 1 6 0 1 2 ' 1 .525 0 3 7 0 3 1 0 1.567 0 4 1 2 0 4 1 1 1.498
0 1 7 0 1 9 1 .500 0 3 7 0 3 9 1.578 0 4 1 5 0 4 1 6 1.581
0 1 7 0 1 4 1.516 0 3 8 0 3 7 1.509 0 4 1 6 0 4 2 1.464
0 1 7 0 1 8 1 .577 0 3 9 0 3 7 1.578 0 4 1 6 0 4 1 5 1.581
0 1 7 O llO 1.734 0 4 1 ' 0 1 2 1.525 N 2 0 2 1 2 1.419
0 1 8 0 1 7 1.577 0 4 1 ’ 0 4 6 1.562 N 2 P 2 1.663
0 1 9 0 1 7 1.500 0 4 1 0 4 2 1.320 N 4 0 4 1 2 1.460
0 2 1 0 2 6 1 .364 0 4 1 0 4 1.411 N 4 P 4 1.633
0 2 1 0 2 2 1 .396 0 4 1 0 4 6 1.469 N 1 1 8 0 1 0 9 1.306
0 2 1 0 2 1.425 0 4 2 0 4 1 1.320 0 1 O i l 1 .367
0 2 2 0 2 3 1.379 0 4 2 0 4 3 1.369 0 2 0 2 1 1.425
0 2 2 0 2 1 1 .396 0 4 2 0 3 4 ' 1.472 0 2 0 2 1 1 1.441
0 2 2 0 1 2 ' 1.561 0 4 3 0 4 2 1.369 0 3 0 3 1 1.381
0 2 3 0 2 2 1.379 0 4 3 0 4 4 1.476 0 4 0 4 1 1.411
0 2 3 0 2 4 1.393 0 4 4 0 4 5 1.446 0 4 0 4 1 1 1.435
0 2 3 ' 0 2 6 1.491 0 4 4 0 4 3 1.476 0 2 1 0 2 1 3 1 .436
0 2 3 ' 0 3 2 1.595 0 4 4 0 4 7 1.485 0 2 1 P2 1.578
0 2 4 0 2 5 1.331 0 4 5 0 4 6 1.381 0 2 3 0 2 1 5 1 .489
0 2 4 0 2 3 1.393 0 4 5 0 4 4 1.446 0 2 3 P2 1.657
0 2 4 0 2 7 1.555 0 4 6 0 4 5 1.381 0 2 4 P2 1.443
0 2 5 0 2 4 1.331 0 4 6 0 4 1 1 .469 0 4 1 0 1 1 3 1.499
0 2 5 0 2 6 1.49 0 4 6 0 4 1 ’ 1.562 0 4 1 P 4 1 .536
0 2 6 0 2 1 1 .364 0 4 7 0 4 4 1.485 0 4 2 0 4 1 6 1 .464
0 2 6 0 2 5 1.490 0 4 7 0 4 1 0 1.521 0 4 2 P4 1 .577
0 2 6 0 2 3 ’ 1.491 0 4 7 0 4 9 1.529 0 4 3 P 4 1.422
0 2 7 0 2 1 0 1.498 0 4 7 0 4 8 1.596 P2 0 2 4 1.443
0 2 7 0 2 4 1.555 0 4 8 0 4 7 1.596 P2 0 2 1 1.578
0 2 7 0 2 9 1.585 0 4 9 0 4 7 1.529 P2 0 2 3 1 .657
0 2 7 0 2 8 1.631 0 9 7 0 1 0 9 1.304 P2 N 2 1.663
0 2 8 0 2 7 1.631 0 1 0 9 0 9 7 1.304 P4 0 4 3 1.422
0 2 9 0 2 7 1.585 0 1 0 9 N 1 1 8 1.306 P4 0 4 1 1 .536
0 3 1 0 3 2 1 .365 O llO 0 1 7 1.734 P 4 0 4 2 1.577
0 3 1 0 3 1.381 0 1 1 3 0 4 1 1 .499 P4 N 4 1.633
0 3 1 0 3 6 1.413 0 1 1 3 0 1 1 4 1.553
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Table 2: Bond angles (°) fo r 1
A to m  A A to m  B A to m  C A n g le A to m  A A to m  B A to m  C A n g le
C 12 O i l 0 1 123 .06 0 3 8 0 3 7 0 3 4 110.41
C 12 O i l 0 1 6 121 .20 0 3 8 0 3 7 0 3 1 0 111 .79
0 1 O i l 0 1 6 115 .44 0 3 8 0 3 7 0 3 9 112.77
C l l 0 1 2 0 1 3 118 .79 0 3 4 0 3 7 0 3 1 0 110.32
C l l 0 1 2 0 4 1 ’ 122 .08 0 3 4 0 3 7 0 3 9 105.95
C13 0 1 2 0 4 1 ' 119.13 0 3 1 0 0 3 7 0 3 9 105 .34
C 16 0 1 2 ’ 0 2 2 108 .55 0 1 2 0 4 1 ’ 0 4 6 109 .67
C 14 0 1 3 0 1 2 120 .60 0 4 2 0 4 1 0 4 122 .70
C15 0 1 4 0 1 3 117.75 0 4 2 0 4 1 0 4 6 122 .35
C15 0 1 4 0 1 7 118.95 0 4 0 4 1 0 4 6 114 .94
C13 0 1 4 0 1 7 123 .16 0 4 1 0 4 2 0 4 3 118 .22
C 16 0 1 5 0 1 4 125.58 0 4 1 0 4 2 0 3 4 ' 123 .04
C 15 0 1 6 O i l 115.91 0 4 3 0 4 2 0 3 4 ' 118.73
C 15 0 1 6 0 1 2 ' 122 .54 0 4 2 0 4 3 0 4 4 125 .18
C l l 0 1 6 0 1 2 ' 121 .47 0 4 5 0 4 4 0 4 3 113 .57
C 19 0 1 7 0 1 4 115 .52 0 4 5 0 4 4 0 4 7 120 .54
C 19 0 1 7 0 1 8 107.58 0 4 3 0 4 4 0 4 7 125.88
C 19 0 1 7 O llO 107.67 0 4 6 0 4 5 0 4 4 121 .10
C 14 0 1 7 0 1 8 109 .80 0 4 5 0 4 6 0 4 1 119 .32
C 14 0 1 7 O llO 113 .26 0 4 5 0 4 6 0 4 1 ’ 119 .02
C IS 0 1 7 O llO 102.02 0 4 1 0 4 6 0 4 1 ’ 121.48
C 26 0 2 1 0 2 2 122.53 0 4 4 0 4 7 0 4 1 0 114 .10
C 26 0 2 1 0 2 118 .07 0 4 4 0 4 7 0 4 9 108 .36
C 22 0 2 1 0 2 119 .34 0 4 4 0 4 7 0 4 8 106 .38
C23 0 2 2 0 2 1 120.25 0 4 1 0 0 4 7 0 4 9 109.98
C23 0 2 2 0 1 2 ' 116 .82 0 4 1 0 0 4 7 0 4 8 110.21
C21 0 2 2 0 1 2 ' 122.91 0 4 9 0 4 7 0 4 8 107 .56
C 22 0 2 3 0 2 4 119 .58 0 9 7 0 1 0 9 N 1 1 8 170.41
C 26 0 2 3 ’ 0 3 2 108.41 0 4 1 0 1 1 3 0 1 1 4 105.31
C 25 0 2 4 0 2 3 120 .28 0 2 0 2 1 1 0 2 1 2 105.93
C 25 0 2 4 0 2 7 119.35 N 2 0 2 1 2 0 2 1 1 109 .10
C 23 0 2 4 0 2 7 119.93 0 2 1 0 2 1 3 0 2 1 4 118 .98
C 24 0 2 5 0 2 6 122 .07 0 2 1 6 0 2 1 5 0 2 3 100.91
C21 0 2 6 0 2 5 114 .92 0 4 0 4 1 1 0 4 1 2 105.62
C21 0 2 6 0 2 3 ' 125 .04 N 4 0 4 1 2 0 4 1 1 110 .66
0 2 5 0 2 6 0 2 3 ' 119.73 0 4 2 0 4 1 6 0 4 1 5 108.31
0 2 1 0 0 2 7 0 2 4 112 .32 0 2 1 2 N 2 P2 123.08
0 2 1 0 0 2 7 0 2 9 107 .26 0 4 1 2 N 4 P 4 123.34
0 2 1 0 0 2 7 0 2 8 110 .05 0 2 1 0 2 0 2 1 1 113 .89
0 2 4 0 2 7 0 2 9 112 .04 0 4 1 0 4 0 4 1 1 117.15
0 2 4 0 2 7 0 2 8 105 .19 0 2 1 3 0 2 1 P 2 120.60
0 2 9 0 2 7 0 2 8 110 .00 0 2 1 5 0 2 3 P2 124 .60
0 3 2 0 3 1 0 3 126.05 0 1 1 3 0 4 1 P4 113.42
0 3 2 0 3 1 0 3 6 120 .00 0 4 1 6 0 4 2 P4 115.55
0 3 0 3 1 0 3 6 113.91 0 2 4 P2 0 2 1 119.01
0 3 1 0 3 2 0 3 3 120 .60 0 2 4 P2 0 2 3 114 .27
0 3 1 0 3 2 0 2 3 ' 121 .26 0 2 4 P2 N 2 115.61
0 3 3 0 3 2 0 2 3 ' 118 .07 0 2 1 P2 0 2 3 9 5 .0 0
0 3 2 0 3 3 0 3 4 121 .9 0 0 2 1 P2 N 2 102.71
0 4 2 0 3 4 ' 0 3 6 112 .42 0 2 3 P2 N 2 107.74
0 3 3 0 3 4 0 3 5 114 .64 0 4 3 P4 0 4 1 115 .39
0 3 3 0 3 4 0 3 7 122 .76 0 4 3 P4 0 4 2 117.78
0 3 5 0 3 4 0 3 7 122 .60 0 4 3 P4 N 4 111.79
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C36 035 034 124.15 041 P4 042 100.27
C35 036 031 118.57 041 P4 N4 106.57
C35 036 034’ 116.77 042 P4 N4 103.59
C31 036 034’ 123.37
T ab le  3: B ond  d istances (Â ) fo r  2
Atom A Atom B Dist Atom A Atom B Dist Atom A Atom B Dist
C Oil 1.736 031 036 1.395 0212 N2 1.470
C 012 1.749 031 032 1.395 0212 0211 1.519
C ll Ol 1.387 032 031 1.395 0213 021 1.463
Cll 016 1.391 032 033 1.400 0213 0214 1.492
Cll 012 1.403 032 034' 1.520 0214 0213 1.492
C12 013 1.394 033 034 1.397 0215 022 1.419
012 O il 1.403 033 032 1.400 0215 0216 1.459
012 012' 1.524 034 035 1.396 0216 0215 1.459
012' 026 1.521 034 033 1.397 0310 037 1.530
012' 012 1.524 034 037 1.539 0410 047 1.534
013 012 1.394 034' 032 1.520 0411 04 1.451
013 014 1.397 034' 046 1.523 0411 0412 1.505
014 015 1.394 035 034 1.396 0412 N4 1.469
014 013 1.397 035 036 1.396 0412 0411 1.505
014 017 1.540 036 031 1.395 0413 041 1.450
015 014 1.394 036 035 1.396 0413 0414 1.493
015 016 1.400 036 023’ 1.521 0414 0413 1.493
016 Oil 1.391 037 038 1.528 0415 042 1.453
016 015 1.400 037 0310 1.530 0415 0416 1.494
016 041' 1.524 037 034 1.539 0416 0415 1.494
017 OllO 1.528 037 039 1.541 N2 0212 1.470
017 019 1.533 038 037 1.528 N2 P2 1.636
017 018 1.540 039 037 1.541 N4 0412 1.469
017 014 1.540 041 042 1.394 N4 P4 1.639
018 017 1.540 041 046 1.395 Ol Oil 1.387
019 017 1.533 041 04 1.400 02 021 1.401
021 022 1.390 041' 016 1.524 02 0211 1.441
021 026 1.397 041’ 042 1.525 03 031 1.373
021 02 1.401 042 041 1.394 04 041 1.400
022 021 1.390 042 043 1.395 04 0411 1.451
022 023 1.403 042 041' 1.525 021 0213 1.463
022 023' 1.524 043 042 1.395 021 P2 1.583
023' 036 1.521 043 044 1.399 022 0215 1.419
023' 022 1.524 044 043 1.399 022 P2 1.578
023 024 1.386 044 045 1.402 041 0413 1.450
023 022 1.403 044 047 1.532 041 P4 1.577
024 023 1.386 045 046 1.393 042 0415 1.453
024 025 1.398 045 044 1.402 042 P4 1.590
024 027 1.539 046 045 1.393 S2 P2 1.931
025 026 1.394 046 041 1.395 S4 P4 1.933
025 024 1.398 046 034' 1.523 P2 022 1.578
026 025 1.394 047 044 1.532 P2 021 1.583
026 021 1.397 047 0410 1.534 P2 N2 1.636
026 012' 1.521 047 048 1.536 P2 S2 1.931
027 029 1.530 047 049 1.541 P4 041 1.577
027 028 1.532 048 047 1.536 P4 042 1.590
027 0210 1.533 049 047 1.541 P4 N4 1.639
027 024 1.539 OllO 017 1.528 P4 S4 1.933
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C 28 0 2 7 1.532 0 2 1 0 0 2 7 1.533 Oil 0
C 29 0 2 7 1.530 0 2 1 1 0 2 1.441 012 0
C31 03 1.373 0 2 1 1 0 2 1 2 1.519
Table 4: Bond angles (®) fo r 2
A to m  A A to m  B  A to m  C A n g le A to m  A A to m  B  A to m  C A n g le
C11 0 01 2 1 1 2 .8 5 0 3 5 0 3 6 023' 1 2 1 .4 5Ol Oil 0 1 6 1 1 7 .7 3 0 3 8 0 3 7 0 3 1 0 1 0 8 .5 8Ol o i l 0 1 2 1 2 1 .3 0 0 3 8 0 3 7 0 3 4 1 0 9 .8 0
C 1 6 o i l 0 1 2 1 2 0 .9 5 0 3 8 0 3 7 0 3 9 1 0 8 .7 5
C 1 3 0 1 2 0 1 1 1 1 8 .2 1 0 3 1 0 0 3 7 0 3 4 1 1 0 .9 6
C 1 3 0 1 2 0 1 2 ' 1 1 9 .5 5 0 3 1 0 0 3 7 0 3 9 107.91
C l l 0 1 2 012' 1 2 2 .0 6 0 3 4 0 3 7 0 3 9 1 1 0 .7 7
C 2 6 0 1 2 ' 0 1 2 1 1 0 .3 7 0 4 2 0 4 1 0 4 6 121.74
0 1 2 0 1 3 0 1 4 1 2 2 .7 5 0 4 2 0 4 1 0 4 1 1 9 .5 4
0 1 5 0 1 4 0 1 3 1 1 7 .0 5 0 4 6 0 4 1 0 4 1 1 8 .6 2
0 1 5 0 1 4 0 1 7 1 2 3 .0 5 0 1 6 0 4 1 ' 0 4 2 1 1 1 .5 6
0 1 3 0 1 4 0 1 7 1 1 9 .8 4 0 4 1 0 4 2 0 4 3 1 1 7 .7 7
0 1 4 0 1 5 0 1 6 1 2 2 .2 5 0 4 1 0 4 2 0 4 1 ' 1 2 2 .9 6Oil 0 1 6 0 1 5 1 1 8 .7 5 0 4 3 0 4 2 0 4 1 ' 1 1 9 .2 2Oil 0 1 6 0 4 1 ' 1 2 1 .6 8 0 4 2 0 4 3 0 4 4 1 2 2 .6 9
0 1 5 0 1 6 0 4 1 ' 1 1 9 .3 8 0 4 3 0 4 4 0 4 5 1 1 7 .3 2
O 1 1 0 0 1 7 0 1 9 1 0 8 .5 3 0 4 3 0 4 4 0 4 7 1 1 9 .3 8
O 1 1 0 0 1 7 0 1 8 1 0 8 .4 6 0 4 5 0 4 4 0 4 7 1 2 3 .3 0
O 1 1 0 0 1 7 0 1 4 1 1 2 .0 2 0 4 6 0 4 5 0 4 4 1 2 1 .7 9
0 1 9 0 1 7 0 1 8 1 0 8 .6 0 0 4 5 0 4 6 0 4 1 1 1 8 .6 3
0 1 9 0 1 7 0 1 4 1 0 9 .1 9 0 4 5 0 4 6 034' 1 1 9 .1 8
0 1 8 0 1 7 0 1 4 1 0 9 .9 6 0 4 1 0 4 6 034' 1 2 2 .0 2
0 2 2 0 2 1 0 2 6 1 2 1 .9 8 0 4 4 0 4 7 0 4 1 0 1 1 1 .9 9
0 2 2 0 2 1 0 2 1 2 0 .0 8 0 4 4 0 4 7 0 4 8 1 0 9 .0 9
0 2 6 0 2 1 0 2 1 1 7 .8 0 0 4 4 0 4 7 0 4 9 1 0 9 .5 5
0 2 1 0 2 2 0 2 3 1 1 7 .4 3 0 4 1 0 0 4 7 0 4 8 1 0 8 .4 6
0 2 1 0 2 2 023' 1 2 3 .6 2 0 4 1 0 0 4 7 0 4 9 1 0 8 .6 4
0 2 3 0 2 2 0 2 3 ' 1 1 8 .9 1 0 4 8 0 4 7 0 4 9 1 0 9 .0 5
0 3 6 0 2 3 ' 0 2 2 1 1 2 .6 1 0 2 0 2 1 1 0 2 1 2 1 0 6 .2 3
0 2 4 0 2 3 0 2 2 1 2 3 .0 0 N 2 0 2 1 2 0 2 1 1 1 1 2 .0 4
0 2 3 0 2 4 0 2 5 1 1 7 .1 5 0 2 1 0 2 1 3 0 2 1 4 1 1 0 .5 6
0 2 3 0 2 4 0 2 7 1 2 2 .5 7 0 2 2 0 2 1 5 0 2 1 6 1 0 9 .5 5
0 2 5 0 2 4 0 2 7 1 2 0 .2 8 0 4 0 4 1 1 0 4 1 2 1 0 7 .2 4
0 2 6 0 2 5 0 2 4 1 2 2 .3 2 N 4 0 4 1 2 0 4 1 1 1 1 3 .5 5
0 2 5 0 2 6 0 2 1 1 1 8 .0 4 0 4 1 0 4 1 3 0 4 1 4 1 0 7 .3 9
0 2 5 0 2 6 0 1 2 ' 1 1 9 .9 7 0 4 2 0 4 1 5 0 4 1 6 1 1 2 .3 4
0 2 1 0 2 6 0 1 2 ' 1 2 1 .6 4 0 2 1 2 N 2 P 2 1 2 2 .4 2
0 2 9 0 2 7 0 2 8 1 0 8 .3 8 0 4 1 2 N 4 P 4 1 2 3 .6 7
0 2 9 0 2 7 0 2 1 0 1 0 7 .9 1 0 2 1 0 2 0 2 1 1 1 1 5 .9 4
0 2 9 0 2 7 0 2 4 1 1 1 .8 6 0 4 1 0 4 0 4 1 1 1 1 4 .9 7
0 2 8 0 2 7 0 2 1 0 1 0 9 .5 8 0 2 1 3 0 2 1 P 2 1 2 1 .4 9
0 2 8 0 2 7 0 2 4 1 0 8 .6 0 0 2 1 5 0 2 2 P 2 1 2 3 .7 1
0 2 1 0 0 2 7 0 2 4 1 1 0 .4 6 0 4 1 3 0 4 1 P 4 1 2 2 .2 4
0 3 0 3 1 0 3 6 1 1 6 .3 2 0 4 1 5 0 4 2 P 4 1 2 3 .0 6
0 3 0 3 1 0 3 2 1 2 3 .0 4 0 2 2 P 2 0 2 1 9 9 .7 1
0 3 6 0 3 1 0 3 2 1 2 0 .6 4 0 2 2 P 2 N 2 1 0 7 .1 8
0 3 1 0 3 2 0 3 3 1 1 8 .5 4 0 2 2 P 2 S 2 1 1 5 .6 8
0 3 1 0 3 2 0 3 4 ' 1 2 1 .0 1 0 2 1 P 2 N 2 1 0 2 .7 0
1 .7 3 6
1 .7 4 9
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C 3 3 0 3 2 034' 1 2 0 .3 2 0 2 1 P 2 S 2 1 1 6 .9 8
C 3 4 0 3 3 0 3 2 1 2 2 .7 4 N 2 P 2 S 2 1 1 2 .9 5
C 3 5 0 3 4 0 3 3 1 1 6 .5 8 0 4 1 P 4 0 4 2 9 9 .1 9
C 3 5 0 3 4 0 3 7 1 2 1 .9 1 0 4 1 P 4 N 4 1 0 0 .9 5
C 3 3 0 3 4 0 3 7 1 2 1 .5 1 0 4 1 P 4 S 4 1 1 7 .2 0
C 3 2 0 3 4 ' 0 4 6 1 1 0 .6 5 0 4 2 P 4 N 4 1 0 8 .0 9
C 3 4 0 3 5 0 3 6 1 2 2 .6 3 0 4 2 P 4 S 4 1 1 4 .3 9
C 31 0 3 6 0 3 5 1 1 8 .8 5 N 4 P 4 S 4 1 1 5 .0 9
C 31 0 3 6 0 2 3 ' 1 1 9 .6 3
Table 5: Bond distances (Â) for 2Ag Complex
A to m  A A to m  B D ist A to m  A A to m  B D ist A to m  A A to m  B D ist
Cl N 1.149 0 3 2 0 3 1 1 .4 0 8 0 2 1 6 0 2 1 4 1.460
Cl 0 2 1.422 0 3 2 0 3 4 ' 1 .5 2 0 0 3 1 0 0 3 7 1 .6 2 8
C2 0 1 1.422 0 3 3 0 3 2 1.384 0 4 1 0 0 4 7 1 .5 2 3
C ll 0 1 1.382 0 3 3 0 3 4 1 .3 9 5 0 4 1 1 0 4 1 .4 4 4
C ll 0 1 2 1.388 0 3 4 0 3 3 1.395 0 4 1 1 0 4 1 2 1 .5 0 1
C ll 0 1 6 1.405 0 3 4 0 3 5 1 .4 1 1 0 4 1 2 N 4 1 .4 6 9
C 12 0 1 1 1.388 0 3 4 0 3 7 1 .5 3 7 0 4 1 2 0 4 1 1 1 .5 0 1
C 12 0 1 3 1.396 0 3 4 ' 0 3 2 1 .5 2 0 0 4 1 3 0 4 1 5 1 .2 6 4
0 1 2 0 1 2 ' 1.523 0 3 4 ' 0 4 6 1 .5 2 8 0 4 1 3 0 4 1 1 .4 5 7
0 1 2 ’ 0 1 2 1.523 0 3 5 0 3 6 1.397 0 4 1 4 0 4 2 1 .4 5 6
0 1 2 ' 0 2 6 1.531 0 3 5 0 3 4 1 .4 1 1 0 4 1 4 0 4 1 6 1 .5 3 3
0 1 3 0 1 4 1.395 0 3 6 0 3 5 1 .3 9 7 0 4 1 5 0 4 1 3 1 .2 6 4
0 1 3 0 1 2 1.396 0 3 6 0 3 1 1 .4 0 1 0 4 1 6 0 4 1 4 1 .5 3 3
0 1 4 0 1 5 1.380 0 3 6 0 2 3 ' 1 .5 2 8 0 1 0 1 1 1 .3 8 2
0 1 4 0 1 3 1.395 0 3 7 0 3 9 1 .4 3 5 0 1 a 011 1 .4 8 6
0 1 4 0 1 7 1.525 0 3 7 0 3 8 1 .5 2 1 0 1 b 011 1 .3 2 3
0 1 5 0 1 4 1.380 0 3 7 0 3 4 1 .5 3 7 Ole 011 1 .3 2 9
0 1 5 0 1 6 1.403 0 3 7 0 3 1 0 1 .6 2 8 Old 011 1 .3 7 5
0 1 6 0 1 5 1.403 0 3 8 0 3 7 1 .5 2 1 0 2 0 2 1 1 .3 9 8
0 1 6 0 1 1 1.405 0 3 9 0 3 7 1 .4 3 5 0 2 0 2 1 1 1 .4 7 7
0 1 6 0 4 1 ' 1 .518 0 4 1 0 4 6 1 .3 8 4 0 3 0 3 1 1 .3 7 4
0 1 7 OllO 1.513 0 4 1 0 4 2 1 .3 9 9 0 4 0 4 1 1 .4 0 3
0 1 7 0 1 4 1.525 0 4 1 0 4 1 .4 0 3 0 4 0 4 1 1 1 .4 4 4
0 1 7 0 1 8 1 .552 0 4 1 ' 0 4 2 1 .5 1 5 0 2 1 0 2 1 3 1 .3 9 6
0 1 7 0 1 9 1.554 0 4 1 ' 0 1 6 1 .5 1 8 0 2 1 P 2 1 .6 2 1
0 1 8 0 1 7 1.552 0 4 2 0 4 3 1 .3 9 1 0 2 2 0 2 1 4 1 .4 1 7
0 1 9 0 1 7 1.554 0 4 2 0 4 1 1 .3 9 9 0 2 2 P 2 1 .5 0 0
0 2 1 0 2 6 1.382 0 4 2 0 4 1 ' 1.515 0 4 1 0 4 1 3 1 .4 5 7
0 2 1 02 1.398 0 4 3 0 4 2 1.391 0 4 1 P 4 1 .5 5 1
0 2 1 0 2 2 1.406 0 4 3 0 4 4 1.409 0 4 2 0 4 1 4 1 .4 5 6
0 2 2 0 2 3 1.399 0 4 4 0 4 5 1.393 0 4 2 P 4 1 .5 7 4
0 2 2 0 2 1 1.406 0 4 4 0 4 3 1.409 S 2 P 2 1 .9 6 3
0 2 2 0 2 3 ' 1 .528 0 4 4 0 4 7 1.537 S 2 Ag 2 .4 2 1
0 2 3 0 2 4 1.378 0 4 5 0 4 4 1.393 S 4 P 4 1 .9 8 5
0 2 3 0 2 2 1.399 0 4 5 0 4 6 1.401 8 4 Ag 2 .4 1 7
0 2 3 ' 0 3 6 1.528 0 4 6 0 4 1 1.384 P 2 022 1 .5 0 0
0 2 3 ' 0 2 2 1.528 0 4 6 0 4 5 1.401 P 2 N 2 1 .6 1 8
0 2 4 0 2 3 1.378 0 4 6 0 3 4 ' 1.528 P 2 0 2 1 1 .6 2 1
0 2 4 0 2 5 1.397 0 4 7 0 4 8 1.520 P 2 8 2 1 .9 6 3
0 2 4 0 2 7 1.535 0 4 7 0 4 1 0 1.523 P 4 0 4 1 1 .5 5 1
0 2 5 0 2 6 1.383 0 4 7 0 4 9 1.534 P 4 0 4 2 1 .5 7 4
0 2 5 0 2 4 1.397 0 4 7 0 4 4 1.537 P4 N 4 1 .6 1 5
0 2 6 0 2 1 1 .382 0 4 8 0 4 7 1.520 P 4 8 4 1 .9 8 5
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C26 C25 1.383 C49 047 1.534 N 01 1.149
C26 C12’ 1.531 C110 017 1.513 N2 0212 1.447
C27 C210 1.514 C210 027 1.514 N2 P2 1.618
C27 C24 1.535 C211 02 1.477 N4 0412 1.469
C27 C28 1.540 C211 0212 1.520 N4 P4 1.615
C27 C29 1.542 C212 N2 1.447 011 01b 1.323
C28 C27 1.540 0212 0211 1.520 011 O le 1.329
C29 C27 1.542 0213 021 1.396 011 Old 1.375
C31 03 1.374 0213 0215 1.465 011 01a 1.486
C31 C36 1.401 0214 022 1.417 Ag S4 2.417
C31 C32 1.408 0214 0216 1.460 Ag 82 2.421
C32 C33 1.384 0215 0213 1.465
Table 6; Bond angles (®) for 2Ag complex
Atom A Atom B Atom C Angle Atom A Atom B Atom C Angle
N 01 02 178.39 038 037 034 110.20
01 011 012 118.33 038 037 0310 101.42
01 011 016 120.94 034 037 0310 106.78
012 011 016 120.72 046 041 042 121.90
011 012 013 118.60 046 041 0 4 120.00
011 012 012' 120.69 042 041 0 4 118.01
013 012 012' 120.60 042 041' 016 111.81
012 012' 026 110.37 043 042 041 118.24
014 013 012 122.54 043 042 041' 119.32
015 014 013 117.22 041 042 041' 122.17
015 014 017 123.25 042 043 044 121.85
013 014 017 119.50 045 044 043 117.47
014 015 016 122.58 045 044 047 122.08
015 016 011 118.18 043 044 047 120.39
015 016 041' 119.51 044 045 046 122.22
011 016 041' 122.02 041 046 045 118.13
O110 017 014 112.74 041 046 034' 122.44
O110 017 018 107.52 045 046 034' 119.38
0110 017 019 109.25 048 047 0410 109.88
014 017 018 110.03 048 047 049 108.39
014 017 019 108.58 048 047 044 107.16
018 017 019 108.64 0410 047 049 107.70
026 021 02 121.02 0410 047 044 112.09
026 021 022 121.12 049 047 044 111.56
02 021 022 117.75 02 0211 0212 104.05
023 022 021 117.59 N2 0212 0211 110.95
023 022 023' 120.49 021 0213 0215 107.68
021 022 023' 121.67 022 0214 0216 113.15
024 023 022 122.73 04 0411 0412 105.43
036 023' 022 111.34 N4 0412 0411 110.86
023 024 025 117.32 0415 0413 041 116.64
023 024 027 121.02 042 0414 0416 106.96
025 024 027 121.65 021 02 0211 114.24
026 025 024 122.33 041 04 0411 113.73
021 026 025 118.82 0213 021 P2 124.56
021 026 012' 121.61 0214 022 P2 127.77
025 026 012' 119.36 0413 041 P4 125.76
0210 027 024 112.66 0414 042 P4 124.16
0210 027 028 108.14 P2 82 Ag 96.25
0210 027 029 107.81 P4 84 Ag 100.55
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C24 027 028 109.14 022 P2 N2 114.68
C24 027 029 108.51 022 P2 021 104.21
C28 027 029 110.57 022 P2 82 111.15
03 031 036 122.71 N2 P2 021 95.93
03 031 032 116.92 N2 P2 82 114.96036 031 032 120.37 021 P2 82 114.64033 032 031 118.45 041 P4 042 110.29033 032 034' 120.86 041 P4 N4 106.33031 032 034' 120.58 041 P4 84 108.71032 033 034 123.77 042 P4 N4 105.05033 034 035 116.06 042 P4 84 111.14033 034 037 122.30 N4 P4 84 115.16035 034 037 121.64 0212 N2 P2 125.21032 034' 046 110.19 0412 N4 P4 122.47036 035 034 122.46 01b Oil O le 122.64035 036 031 118.86 01b Oil Old 112.97035 036 023’ 118.92 O lb on O la 91.42031 036 023' 122.19 O le on Old 113.14039 037 038 117.37 01c on O la 102.92039 037 034 114.56 Old on O la 110.06039 037 0310 104.92 S4 Ag 82 171.87
250
Appendix 4; Potentiometric titration data for the calculation of the 
autoprotolysis constant of acetonitrile at 298.15 K.
Table 1 Potentiometric titration data for 
the calculation Ea° in acetonitrile at 
298.15 K.
Table 2 Potentiometric titration data 
for the calculation Ey" in acetonitrile at 
298.15 K
V(HCL04) E ®[SH+] E“a V(TMNOH) E a[s-]
dm^ mV mol dm"^ mV dm^ mV mol dm ^ mV
0.50 1018.9 8.71 E-03 1147.01 0.50 -637.4 4.44E-02 -635.62
1.00 1015.1 8.03E-03 1145.13 1.00 -637.8 4.28E-02 -636.10
1.50 1012.5 7.38E-03 1144.52 1.50 -638.1 4.14E-02 -636.42
2.00 1010.0 6.76E-03 1144.10 2.00 -638.5 4.00E-02 -636.89
2.50 1007.4 6.17E-03 1143.67 2.50 -638.9 3.86E-02 -637.36
3.00 1004.5 5.60E-03 1143.05 3.00 -639.3 3.73E-02 -637.82
3.50 1002.9 5.06E-03 1143.87 3.50 -639.8 3.61 E-02 -638.35
4.00 999.5 4.54E-03 1143.06 4.00 -640.3 3.49E-02 -638.82
4.50 996.7 4.04E-03 1143.03 4.50 -640.8 3.38E-02 -639.42
5.00 993.3 3.56E-03 1142.65 5.00 -641.3 3.27E-02 -639.94
5.50 990.5 3.10E-03 1143.17 5.50 -641.7 3.17E-02 -640.39
6.00 988.8 2.66E-03 1145.17 6.00 -642.3 3.07E-02 -640.98
6.50 983.7 2.23E-03 1144.28 6.50 -642.8 2.97E-02 -641.57
7.00 979.0 1.82E-03 1144.49 7.00 -643.2 2.88E-02 -641.95
7.50 975.9 1.43E-03 1147.33 7.50 -643.6 2.79E-02 -642.48
8.00 968.5 1.05E-03 1147.52 8.00 -644.1 2.70E-02 -642.93
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Appendix 5: Potentiometric titration data for the protonation of 1
Table 1; Potentiometric data for the titration the perchloric acid with 1 in 
acetonitrile at 298.15 K
mV dmV/dv 111/1H1 mV dmV/dv
0.00 821.90 0.00 1.61 663.20 -1.40
0.03 820.30 -1.60 1.64 661.80 -1.40
0.07 818.70 -1.60 1.68 660.50 -1.30
0.10 817.00 -1.70 1.71 659.10 -1.28
0.14 815.10 -1.83 1.75 657.90 -1.20
0.17 813.20 -1.90 1.78 656.70 -1.20
0.21 811,20 -2.00 1.82 655.50 -1.20
0.24 809.00 -2.20 1.85 654.40 -1.10
0.28 806.50 -2.29 1.89 653.20 -1.20
0.31 804.00 -2.50 1.92 652.10 -1.10
0.35 801.20 -2.73 1.96 651.10 -1.00
0.38 798.20 -2.90 1.99 650.00 -1.10
0.42 795.10 -3.10 2.03 649.00 -1.00
0.45 791.50 -3.60 2.06 648.00 -1.00
0.49 787.40 -4.10 2.10 647.00 -1.00
0.52 782.80 -4.60 2.13 646.10 -0.90
0.56 777.60 -5.20 2.17 645.20 -0.90
0.59 771.40 -6.20 2.20 644.30 -0.90
0.63 764.10 -7.30 2.24 643.40 -0.90
0.66 756.10 -8.00 2.27 642.50 -0.90
0.70 747.60 -8.50 2.30 641.70 -0.80
0.73 739.40 -8.20 2.34 640.80 -0.90
0.77 731.90 -7.50 2.37 640.00 -0.80
0.80 725.40 -6.50 2.41 639.20 -0.80
0.84 719.60 -5.80 2.44 638.50 -0.70
0.87 714.40 -5.20 2.48 637.70 -0.80
0.91 709.90 -4.50 2.51 637.00 -0.70
0.94 705.90 -4.00 2.55 636.20 -0.80
0.98 702.10 -3.80 2.58 635.50 -0.70
1.01 698.70 -3.40 2.62 634.80 -0.70
1.05 695.50 -3.20 2.65 634.00 -0.80
1.08 692.60 -2.90 2.69 633.30 -0.70
1.12 689.80 -2.80 2.72 632.70 -0.60
1.15 687.20 -2.60 2.76 632.00 -0.70
1.19 684.80 -2.40 2.79 631.40 -0.60
1.22 682.50 -2.30 2.83 630,70 -0,70
1.26 680.40 -2.18 2.86 630.10 -0.60
1.29 678.30 -2.10 2.90 629.40 -0.70
1.33 676.30 -2.00 2.93 628.80 -0.60
1.36 674.40 -1.90 2.97 628.20 -0.60
1.40 672.60 -1.80 3.00 627.50 -0.70
1.43 670.90 -1.70 3.04 626.90 -0.60
1.47 669.20 -1.70 3.07 626.40 -0.50
1.50 667.60 -1.60 3.11 625.80 -0.60
1.57 664.60 -1.50 3.18 624.60 -0.50
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Appendix 6: Potentiometric titration data for the complexation 1 and 2 with Ag^ 
and Hg^  ^in acetonitrile and methanol at 298.15 K
Table 1; Potentiometric data points used to determine, E®, of the electrochemical 
cell in acetonitrile and methanol at 298.15 for silver electrode.
Acetonitrile Methanol
-log [Ag1 E(mV) -log [Ag"^ ] E(mV)
4.61 -128.3 4.61 -143.5
4.31 -111.3 4.31 -120.7
4.14 -100.8 4.13 -109.6
4.02 -93.5 4.01 -102.0
3.92 -87.0 3.92 -96.6
3.85 -83.4 3.84 -92.0
3.78 -79.7 3.78 -88.0
3.73 -76.5 3.72 -85.8
3.68 -73.8 3.67 -82.1
3.64 -71.4 3.63 -79.4
3.60 -68.4 3.59 -77.5
3.57 -66.0 3.55 -75.3
3.53 -62.7 3.52 -73.4
Table 2: Potentiometric data for the titration of silver(I), (as perchlorate) with 2 
in acetonitrile at 298.15 K
m M mV dmV/dv 121/IAgl mV dmV/dv
0.10 -61.6 -8.12 1.22 -84.1 -5.60
0.20 -63.6 -8.80 1.32 -85.5 -6.40
0.30 -65.8 -7.60 1.42 -87.1 -6.40
0.41 -67.7 -9.20 1.52 -88.7 -5.60
0.51 -70.0 -8.80 1.62 -90.1 -12.40
0.61 -72.2 -8.80 1.82 -93.2 -10.80
0.71 -74.4 -10.80 2.03 -95.9 -12.00
0.81 -77.1 -7.60 2.23 -98.9 -12.00
0.91 -79.0 -8.40 2.43 -101.9 -11.60
1.01 -81.1 -6.40 2.64 -104.8 -10.00
1.12 -82.7 -5.60
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Table 3: Potentiometric data for the titration of silver(l), (as perchlorate) with 2
in methanol at 298.15 K
r2]/[A gi mV dmV/dv f2]/lAg1 mV dmV/dv
0.05 -73.40 0.00 0.85 -138.00 -36.73
0.10 -75.70 -10.06 0.90 -152.90 -65.14
0.15 -78.20 -10.93 0.95 -176.80 -104.49
0.20 -80.40 -9.62 1.00 -214.10 -163.08
0.25 -82.90 -10.93 1.05 -237.80 -103.62
0.30 -85.50 -11.37 1.10 -252.20 -62.96
0.35 -89.50 -17.49 1.15 -261.30 -39.79
0.40 -91.60 -9.18 1.20 -268.00 -29.29
0.45 -94.30 -11.80 1.30 -280.70 -27.76
0.50 -97.50 -13.99 1.40 -288.40 -16.83
0.55 -101.20 -16.18 1.50 -293.70 -11.59
0.60 -105.20 -17.49 1.60 -297.70 -8.74
0.65 -109.70 -19.67 1.70 -301.90 -9.18
0.70 -114.60 -21.42 1.80 -305.30 -7.43
0.75 -120.60 -26.23 1.90 -308.40 -6.78
0.80 -129.60 -39.35 2.00 -311.30 -6.34
Table 4; Potentiometric data points used to determine, Eo, of the electrochemical 
cell in acetonitrile and methanol at 298.15 for mercury amalgam  
electrode.
Acetonitrile Methanol
-log [Hg""I E(mV) -log [Hg^T E(mV)
3.96 807.1 4.90 230.6
3.92 808.2 4.78 233.8
3.89 809.3 4.68 236.3
3.85 810.3 4.60 238.5
3.82 811.1 4.54 240.2
3.80 812.0 4.48 242.6
3.77 812.7 4.43 244.0
3.75 813.3 4.38 245.0
3.73 814.0 4.34 246.6
3.71 814.6 4.31 247.5
3.60 815.2 4.27 248.7
3.57 815.8 4.24 249.5
3.53 816.4 4.21 250.3
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Table 5: Potentiometric data for the titration of mercury(II), (as perchlorate) 
with 2 in acetonitrile at 298.15 K
mV dmV/dv mV dmV/dv
0.07 813.80 0.00 1.30 635.80 -24.40
0.14 813.00 -3.20 1.36 632.40 -13.60
0.20 811.90 -4.40 1.43 630.00 -9.60
0.27 811.50 -1.60 1.50 628.90 -4.40
0.34 810.00 -6.00 1.57 628.00 -3.60
0.41 810.00 0.00 1.64 626.30 -6.80
0.48 809.20 -3.20 1.71 625.40 -3.60
0.55 807.50 -6.80 1.77 625.40 0.00
0.61 807.50 0.00 1.84 625.40 0.00
0.68 806.60 -3.60 1.91 625.40 0.00
0.75 804.00 -10.40 1.98 624.60 -3.20
0.82 798.00 -24.00 2.05 624.60 0.00
0.89 789.30 -34.80 2.12 623.70 -3.60
0.96 772.80 -66.00 2.18 623.70 0.00
1.02 720.00 -211.20 2.25 625.40 6.80
1.09 672.30 -190.80 2.32 624.60 -3.20
1.16 654.00 -73.20 2.39 623.70 -3.60
1.23 641.90 -48.40 2.46 625.40 6.80
Table 6: Potentiometric data for the titration of mercury(II), (as perchlorate) 
with 2 in methanol at 298.15 K
[2l/[Hg"1 mV dmV/dv mV dmV/dv
0.06 258.00 0.00 1.31 147.20 -16.80
0.12 256.40 -6.40 1.37 143.60 -14.40
0.19 255.70 -2.80 1.44 139.90 -14.80
0.25 252.20 -14.00 1.50 138.00 -7.60
0.31 250.10 -8.40 1.56 135.30 -10.80
0.37 248.50 -6.40 1.62 132.10 -12.80
0.44 247.20 -5.20 1.69 129.00 -12.40
0.50 246.60 -2.40 1.75 126.90 -8.40
0.56 243.90 -10.80 1.81 124.90 -8.00
0.62 238.60 -21.20 1.87 122.80 -8.40
0.69 223.40 -60.80 1.94 120.70 -8.40
0.75 197.80 -102.40 2.00 119.70 -4.00
0.81 187.30 -42.00 2.06 118.60 -4.40
0.87 180.10 -28.80 2.12 117.60 -4.00
0.94 174.90 -20.80 2.19 116.50 -4.40
1.00 170.30 -18.40 2.25 115.50 -4.00
1.06 165.10 -20.80 2.31 114.50 -4.00
1.12 160.40 -18.80 2.37 113.40 -4.40
1.19 155.50 -19.60 2.44 113.40 0.00
1.25 151.40 -16.40 2.50 112.40 -4.00
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Appendix 7: Conductance data for the complexation 1 and 2 with metal cations.
Table 1: Conductometric data for the titration of lead(II), (as perchlorate) with 1 
in acetonitrile at 298.15 K
Am(S. cm^. mol^) Am(S. cm^. mol^)
0.00 324.85 1.31 282.36
0.11 319.53 1.39 282.45
0.18 316.15 1.48 282.63
0.29 310.83 1.59 283.68
0.36 306.47 1.69 283.30
0.46 302.98 1.79 283.60
0.57 297.91 1.89 284.16
0.62 295.63 1.96 284.48
0.70 292.19 2.05 285.06
0.78 289.40 2.22 286.30
0.86 286.71 2.30 286.70
0.93 284.77 2.35 286 .89
1.01 283.69 2.46 287.39
1.08 282.83 2.53 288.00
1.14 282.51 2.65 288.72
1.24 282.25 2.78 289.43
Table 2: Conductometric data for the titration of cadmium(Il), (as perchlorate) 
with 1 in acetonitrile at 298.15 K
[l]/[Cd^1 A,n(S. cm^, mol’*) [1]/[C£^] Am(S. cm^. mol^)
0.08 320.73 1.52 267.59
0.17 315.22 1.59 266.90
0.25 310.62 1.66 266.25
0.34 305.76 1.74 265.74
0.42 301.27 1.80 265.31
0.49 297.09 1.87 264.92
0.59 292.45 1.95 264.47
0.66 288.79 2.02 264.07
0.76 284.80 2.09 263.70
0.85 281.30 2.18 263.94
0.92 278.72 2.27 263.59
1.01 276.21 2.34 263.35
1.08 274.24 2.43 263.01
1.15 272.78 2.52 262.70
1.24 271.09 2.60 262.45
1.33 269 .76 2.68 262.20
1.38 269.08 2.76 261 .76
1.45 268.28
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Table 3: Conductometric data for the titration of copper(II), (as perchlorate)
with 1 in acetonitrile at 298.15 K
[l]/[Cu^1 Am(S. cm^. mol^) [l]/[Cu^1 Am(S. cm^. mol'*)
0.00 387.71 1.15 328.50
0.02 386.67 1.22 327.00
0.04 385.42 1.26 326.40
0.14 379.85 1.38 324.30
0.24 374.21 1.53 323.80
0.27 372 .16 1.66 323,35
0.35 368.01 1.77 322.42
0.39 365.41 1.89 321.85
0.47 361.15 2.00 321.77
0.58 354.33 2.15 321.69
0.63 350.44 2.33 321.11
0.69 348.12 2.45 321.49
0.79 343.88 2.60 321.20
0.86 338.40 2.69 321.42
0.92 335.30 2.72 321.42
1.03 331.70
Table 4: Conductometric data for the titration of mercury(II), (as perchlorate) 
with 1 in acetonitrile at 298.15 K
A,„(S. cm^. mol *) Ani(S. cm^. mol *)
0.00 340.17 1.55 307.44
0.15 337.97 1.75 305.41
0.29 332.82 1.88 304.33
0.41 328 .97 1.99 303.60
0.51 325.90 2.12 302.67
0.58 324.06 2.21 302.21
0.68 321.47 2.32 301.62
0.82 318.24 2.41 300.99
0.93 315.96 2.50 300.68
1.06 313.66 2.58 300.33
1.17 312.36 2.68 299.81
1.23 311.63 2.75 299 .47
1.35 309 .82 2.83 299 .14
1.47 308.35 2.91 298 .90
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Table 5: Conductometric data for the titration of zinc(II), (as perchlorate) with 1
in acetonitrile at 298.15 K
[l]/[Zn'1 Am(S. cm .^ mol *) [l]/[Zn^1 Am(S. cm .^ mol *)
0.00 298.01 1.07 232.00
0.04 295.26 1.13 229.35
0.08 292.44 1.19 227.54
0.13 288.86 1.29 224.03
0.17 285.83 1.36 221.76
0.22 282.32 1.44 218.87
0.28 278.34 1.52 215.96
0.33 275.18 1.58 214.10
0.37 272.36 1.65 212.14
0.41 269.41 1.73 210.13
0.46 266.23 1.87 206.57
0.50 263.60 2.00 202.71
0.55 260.57 2.10 200.37
0.60 257.58 2.16 198.69
0.68 252.76 2.32 194.13
0.75 248.58 2.46 190.23
0.84 243.51 2.64 185.83
0.90 240.28 2.82 180.76
1.00 235.32 2.98 176.99
Table 6: Conductometric data for the titration of copper(II), (as perchlorate) 
with 2 in acetonitrile at 298.15 K
[2]/[Cu^1 Am(S. cm .^ mol *) [2]/[Cu"1 Ani(S. cm .^ mol *)
0.00 386.90 1.80 345.13
0.14 380.83 1.95 344.04
0.26 376.38 2.04 343.74
0.39 370.63 2.17 342.98
0.52 365.20 2.28 342.57
0.63 360.79 2.44 342.02
0.78 356.26 2.64 341.46
0.92 353.44 2.80 341.13
1.04 351.80 2.92 341.08
1.20 349.86 3.05 340.22
1.52 347.54
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Table 7: Conductometric data for the titration of mercury(II), (as perchlorate)
with 2 in acetonitrile at 298.15 K
[2]/[Hg'1 A„,(S. cm^. mol *) [2]/[Hg^1 Am(S. cm^. mol"*)
0.07 336.88 0.97 274.61
0.10 335.12 1.02 272.89
0.12 333.68 1.07 272.45
0.14 331.96 1.12 272.74
0.16 330.74 1.17 273.01
0.19 329.22 1.22 273.46
0.22 327.75 1.31 273.22
0.24 325.74 1.39 274.24
0.27 323.97 1.46 273.68
0.29 321.98 1.51 274.37
0.32 320.08 1.56 274.26
0.35 317.46 1.60 274.35
0.37 316.59 1.68 274.72
0.40 314.63 1.73 274.13
0.43 312.25 1.78 274.30
0.47 309.75 1.82 273.72
0.51 306.64 1.93 273.72
0.56 302.84 2.01 273.72
0.61 298.53 2.11 273.72
0.66 295.68 2.20 273.72
0.71 291.88 2.29 273.72
0.77 288.17 2.35 273.72
0.82 284.79 2.42 273.72
0.87 281.37 2.49 273.72
0.92 277.82
Table 8: Conductometric data for the titration of silver(I), (as perchlorate) with 
2 in acetonitrile at 298.15 K
[2]/[Ag1 A,n(S. cm^. mol *) [2]/[Ag1 Am(S. cm^. mol *)
0.13 189.66 1.34 180.42
0.22 188.74 1.49 179.45
0.30 188.07 1.59 178.89
0.38 187.26 1.73 178.08
0.48 186.33 1.93 177.08
0.58 185.51 2.09 176.41
0.69 184.71 2.25 175.70
0.77 184.02 2.41 175.03
0.87 183.35 2.51 174.70
0.97 182.64 2.67 174.04
1.07 181.89 2.82 173.46
1.18 181.22 2.88 173.16
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Table 9: Conductometric data for the determine of limiting molar conductance
to infinity dilution of Mg^ ,^ (as perchlorate) in acetonitrile at 298.15 K
l l /2 A,„(S. cm^. mol *) j l /2 Am(S. cm^. mol *)
1.67 X  10'^ 297,00 3.05 X  10'^ 291.10
1.83x10'^ 296.40 3.19x10'^ 290.40
2.04 X 10'^ 295.60 3.35x10'^ 289.70
2.21 X  10'^ 295.30 3.49 X 10'^ 289.00
2.35 X 10'^ 294.50 3.62 X 10"^ 288.40
2.50 X  10'^ 293.80 3.76x10'^ 287.70
2.66 X 10'^ 293.20 3.87 X  10'^ 287.30
2.85 X  10'^ 292.30
Conductometric data for the determine of limiting molar coi
to infinity dilution of Ca (as perchlorate) in acetonitrile at
j l /2 Am(S. cm^. mol'*) I*/2 Am(S. cm^. mol'*)
1.67 X  10’^ 293.60 3.14 X  10'^ 266.20
1 .8 6 x 1 0 -^ 289.60 3.23 X 10'^ 264.80
2.03 X  10'^ 286.80 3.32 X 10'^ 263.20
2.18 X  10"^ 283.50 3.41 X 10'^ 261.30
2.33 X  10'^ 281.40 3.52x10'^ 260.00
2.48 X 10'^ 278.80 3.59x10'^ 258.40
2.59x10'^ 276.60 3.69 X 10"^ 256.80
2.71 X  10'^ 274.20 3.81 X  10'^ 254.60
2.82 X 1 0 "^ 272.40 3.90x10"^ 252.80
2.94 X  10“^ 270.00 4.01 X  10'^ 250.80
3.04 X  10'^ 268.40
Table 11: Conductometric data for the determine of limiting molar conductance 
to infinity dilution of Sr^ ,^ (as perchlorate) in acetonitrile at 298.15 K
I•1/2 Am(S. cm^. mol *) I1/2 A,„(S. cm^. mol'*)
1 .1 2 X 1 0 '^ 328.30 2.49 X 1 0 '^ 315.6
1.28 X 1 0 "^ 326.90 2.57 X 1 0 '^ 314.5
1.44 X 1 0 "^ 325.70 2.65 X 1 0 '^ 313.6
1.58 X 1 0 '^ 324.60 2.73 X 1 0 '^ 313
1.69 X 1 0 '^ 323.10 2.81 X 1 0 '^ 312.2
1.85 X 1 0 '^ 321.70 2 .8 8 X 1 0 '^ 311.1
1.95 X 1 0 '^ 320.50 2.95 X 1 0 '^ 310.5
2.04 X 1 0 '^ 320.00 3.01 X 1 0 '^ 309.77
2.13 X 1 0 '^ 319.40 3.10 X 1 0 '^ 309.2
2 .2 1 X 1 0 "^ 318.00 3.18 X 1 0 "^ 307.95
2.31 X 1 0 '^ 317.30 3.26 X 1 0 '^ 307.50
2.40 X 1 0 '^ 316.50
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Table 12: Conductometric data for the determine of limiting molar conductance
to infinity dilution of Ba^\ (as perchlorate) in acetonitrile at 298.15 K
l l /2 A,„(S. cm2, mol *) f l /2 Ani(S. cm2.
1.40 X  10'^ 332.90 3.41 X 0"2 292.00
1.62 X  10'^ 328.90 3.53 X 0-2 289.60
1.82 X  10’^ 326.00 3.62 X 0-2 288.40
2.02 X 10'^ 321.40 3.71 X 0'2 286.10
2.17x10-2 318.50 3.81 X 0-2 283.20
2.35x10-2 314.50 3.91 X 0-2 281.59
2.50x10-2 311.00 4.00 X 0-2 279.20
2.67 X  10-2 306.90 4.07 X 0-2 277.50
2 .8 6 x 10-2 304.00 4.17 X 0-2 276.00
3.02 X  10-2 300.00 4.27 X 0-2 274.00
3.13x10-2 298.80 4.33 X 0"2 272.80
3.27 X 10-2 296.00 4.42 X 0-2 271.10
T a b l e  1 3 :  C o n d u c t o m e t r i c  d a t a  f o r  t h e  d e t e r m i n e  o f  l i m i t i n g  m o l a r  c o n d u c t a n c e
t o  i n f i n i t y  d i l u t i o n  o f  C d ^ \  ( a s  p e r c h l o r a t e )  i n  a c e t o n i t r i l e  a t  2 9 8 . 1 5  K
I* /2 A,n(S. c m 2 , l l / 2 A,„(S. c m 2 .
1 . 3 7  X  1 0 - 2 3 0 9 . 3 0 1 . 9 6 x 1 0 - 2 2 8 2 . 3 0
1 . 4 6  X  1 0 - 2 3 0 6 . 2 5 2.01 X  1 0 - 2 2 7 9 . 5 8
1 . 5 2  X  1 0 - 2 3 0 3 . 1 8 2 . 0 7  X  1 0 - 2 2 7 6 . 2 9
1 . 5 9  X  1 0 - 2 3 0 0 . 0 0 2.11 X  1 0 - 2 2 7 3 . 7 4
1. 6 6 x 1 0 - 2 2 9 5 . 5 4 2 . 1 7 x 1 0 - 2 2 7 1 . 1 1
1 . 7 3 x 1 0 - 2 2 9 2 . 4 2 2 . 2 4  X  1 0 - 2 2 6 7 . 9 0
1 . 7 9 x 1 0 - 2 2 8 9 . 1 6 2 . 2 9  X  1 0 - 2 2 6 5 . 2 6
1 . 8 5  X  1 0 - 2 2 8 6 . 9 5 2 . 3 6  X  1 0 - 2 2 6 2 . 6 2
1 . 9 0  X  1 0 - 2 2 8 4 . 7 3
C o n d u c t o m e t r i c  d a t a  f o r  t h e  d e t e r m i n e  o f  l i m i t i n g  m o l a r  c o n
t o  i n f i n i t y d i l u t i o n  o f  P b 2 \  ( a s  p e r c h l o r a t e )  i n  a c e t o n i t r i l e  a t  :
l I / 2 Am(S. c m 2 . j l / 2 Am(S. c m 2 .
1 . 7 1  X  1 0 - 2 3 0 7 . 4 4 2 . 3 5  X  1 0 - 2 2 9 4 . 9 0
1 . 8 0 x 1 0 - 2 3 0 6 . 0 4 2 . 4 1  X  1 0 - 2 2 9 3 . 0 0
1 . 9 0 x 1 0 - 2 3 0 4 . 0 0 2 . 4 7 x 1 0 - 2 2 9 2 . 0 0
1 . 9 8 x 1 0 - 2 3 0 2 . 0 0 2 . 5 3  X  1 0 - 2 2 9 0 . 2 0
2 . 0 6  X  1 0 - 2 3 0 0 . 0 0 2 . 5 9  X  1 0 - 2 2 8 8 . 4 0
2 . 1 4 x 1 0 - 2 2 9 9 . 0 0 2 . 6 4  X  1 0 - 2 2 8 7 . 1 0
2 . 2 1  X  1 0 '2 2 9 7 . 5 0 2 . 6 9 x 1 0 - 2 2 8 6 . 0 0
2 . 2 8  X  1 0 - 2 2 9 6 . 0 0 2 . 7 5  X  1 0 - 2 2 8 4 . 0 0
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Table 15: Conductometric data for determine of limiting molar conductance to
infinity dilution of Cu^ % (as perchlorate) in acetonitrile at 298.15 K.
jl/2 A,„(S. cm2. moF^) jl/2 Am(S. cm2. moF^)
6.99 X  10'^ 352.70 1.78x 10'2 318.70
8.49 X 10'3 348.00 1.83 X 10-2 316.90
9.75 X  10"^ 343.80 1 . 8 8  X  1 0 - 2 314.90
1.09 X  10'^ 340.00 1.94 X  10-2 313.50
1.20 X  10’^ 337.10 1.99x10^ 312.00
1.29x10-2 333.50 2.05 X  10-2 310.40
1.38x 10'2 331.10 2.11 X  10-2 308.35
1.45x10-2 328.40 2 ^ 8 x 1 0 ^ 306.40
1 .52x10^ 326.60 2.24 X  10-2 304.40
1.59x10^ 324.40 2.30 X  10-2 302.30
1.64 X 10-2 322.60 2.36 X  10-2 300.70
1.71x10-2 321.00 2.42 X  10-2 298.50
Table 16: Conductometric data for determine o f limiting molar conductance to 
infinity dilution of H g^\ (as perchlorate) in acetonitrile at 298.15 K.
Am(S. c m 2 .  moF*) 1*^ 2 A,„(S. c m 2 .  moF^)
6.73 X  10-"^ 32&58 1.74 X  10-2 310.21
7.72 X  10-3 325.86 1.83 X  10-2 308.98
8 .69x10^ 32196 1.91 X  10-2 307.79
9.78 X  10-3 321.50 1.97 X  10-2 307.30
1.12x10-2 318.90 2.04X 10"2 306.48
1.22 X  10-2 317.63 2.11 X  10-2 305.31
1.32 X  10-2 315.92 2.19x10-2 304.46
1.43 X  10-2 313.97 2.23 X  10-2 303.84
1.55 X  10-2 312.95 2.28 X  10-2 303.28
1.65 X  10-2 311.59
Table 17: Conductometric data for determine of limiting molar conductance to 
infinity dilution of Zn^ ,^ (as perchlorate) in acetonitrile at 298.15 K.
f l / 2 A,n(S. cm2. moF^) j I / 2 Am(S. cm2.
1.71 X  10-2 300.71 Z 5 0 x l0 ^ 289.89
1.82 X  10-2 300.15 2.57 X  10-2 288.63
1.92 X  10-2 299.40 2 .63x10^ 287.71
2.02 X  10-2 297.35 2.69 X  10-2 285.84
2.11 X  10-2 296.79 Z 75x lO ^ 2&L83
2.19x10-2 295.61 2.81 X  10-2 283.78
2.28 X  10-2 293.85 2.87 X  10-2 282.70
2.35 X  10-2 293.27 2 .92x10^ 281.20
2.43 X  10-2 292.07
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Appendix 8, Microcalorimtric data for the complexation 1 with bivalent metal
cations in acetonitrile at 298.15 K.
Table 1; Microcalorimetric titration data for 1 and magnesium (ll), as 
perchlorate in acetonitrile at 298.15 K
Model
LMg"* +
+ 2L
Mg"+L;
= M g2% ;
P i , A H i  
p2 I AH2
Thermodynamic parameters
Pi
AHi
P2
A H 2
Estimated errors
138.84 X 1 0  ^
20.79 kj/mol
11.01 X 10®
31.97 kJ/mol
P i
AH]
P2
AH2
Titration conditions
1.22 X 10® 
1.00 kJ/mol 
l .lO x  10'" 
0.72 J/mol
Number o f data points 
Cone o f 1 in vessel
Cone o f in syringe 2.87 x 10'^ mol/dm
16
1.61 X 10*^  mol/dm -3-2 -3
Volume in vessel 2.80 dm‘^
No Volume Qexp Qcalc Residual
pi m J m J m J
1 11.95 11.1292 10.9288 0.2004
2 11.95 10.8466 10.9128 -0.0663
3 11.95 10.7845 10.8837 -0.0992
4 11.95 10.8856 10.8218 0.0637
5 11.95 10.5222 10.6540 -0.1319
6 11.95 9 J5 4 2 9.9644 -0.4103
7 11.95 7.6102 6.8259 0.7843
8 11.95 3.4212 3.1388 0.2823
9 11.95 1.6422 1.8754 -0.2333
10 11.95 0.9554 1.3690 -0.4136
11 11.95 0.6884 1.0873 -0.3989
12 11.95 0.6074 0.9031 -0.2957
13 11.95 0.5658 0.7715 -0.2057
14 11.95 0.7209 0.6720 0.0488
15 11.95 1.0339 0.5939 0.4399
16 0.00 -0.0003 0.0000 -0.0003
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Table 2: Microcalorimetric titration data for 1 and calcium(II), as perchlorate in
acetonitrile at 298.15 K
M odel
Ca^*+ L = Ca^+L; p i , A H ,  
Ca^ * + 2L = Ca^ +L2; P2,AHa
Therm odynam ic P aram eters
pi
AH,
Pa
AHz
4.02 X  10® 
19.15 kJ/mol 
165.14 X  10® 
46.10 kJ/mol
Estim ated E rro rs
Pi
AHi
Pa
AHz
7.24 X  10® 
0.91 kJ/mol 
3.31 X 10’ 
1.01 kJ/mol
T itration  conditions
Number o f data points 14 
Conc o f 1 in vessel 1,38 x 10'^ mol/dm'^
Conc o f Ca^^ in syringe 
Volume in vessel
3.22 X 10'^ mol/dm'^ 
2.80 dm'^1
No Volume Qexp Qcalc Residual
pi J J J
1 11.95 17.6360 17.5173 0.1187
2 11.95 17.1590 17.3764 -0.2174
3 11.95 16.3283 17.0521 -0.7238
4 11.95 15.4747 16.0627 -0.5880
5 11.95 13.3650 11.9974 1.3676
6 11.95 4.8760 3.2631 1.6129
7 11.95 -1.8136 -0.9159 -0.8977
8 11.95 -2.0770 -1.7912 -0.2858
9 11.95 -2.4257 -1.7962 -0.6295
10 11.95 -1.0263 -1.3611 0.3348
11 11.95 -0.4353 -0.8006 0.3653
12 11.95 -1.1630 -0.4296 -0.7334
13 11.95 -1.1620 -0.2439 -0.9181
14 11.95 -0.5980 -0.1515 -0.4465
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Table 3: Microcalorimetric titration data for 1 and strontium(II), as perchlorate
in acetonitrile at 298.15 K
M odel
Sr’®-+ L = Sr’®'L; p i.A H i 
Sr’+ + 2L = Li; P2 , AHa
Therm odynam ic param eters
Pi
AHi
P2
AHa
13.04 X  10® 
7.09 kJ/mol 
34.18 X 10® 
51.11 kJ/mol
Estim ated e rro rs
Pi
AHi
P2
AHa
2.50x10® 
0.81 kJ/mol 
6.23 X  10®
1.00 kJ/mol
T itration  conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Sr^ "*" in syringe 
Volume in vessel
17
1.30 X  10'® mol/dm'® 
2.56 X  10'® raol/dm'®
2.80 dm'®
No Volume Qexp Qcalc Residual
pi m J m J m J
1 12.01 12JJ7 8 12.0122 0.1256
2 12.01 10.8431 10.9258 -0.0827
3 12.01 9.3620 9.4866 -0.1246
4 12.01 7.5859 7.6710 -0.0851
5 12.01 5.7932 5.5802 0.2130
6 12.01 3J9 3 8 3.4774 0.1164
7 12.01 1.5882 1.6820 -0.0938
8 12.01 0.4040 0.3821 0.0219
9 12.01 -0.6840 -0.4308 -0.2532
10 12.01 -0.8823 -0.8757 -0.0066
11 12.01 -0.9707 -1.0826 0.1119
12 12.01 -0.8851 -1.1496 0.2645
13 12.01 -1.1099 -1.1401 0.0302
14 12.01 -1.1667 -1.0914 -0.0753
15 12.01 -1.0100 -1.0250 0.0150
16 12.01 -0.8422 -0.9525 0.1103
17 12.01 -1.2670 -0.8802 -0.3868
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Table 4: Microcalorimetric titration data for 1 and barium(II), as perchlorate in
acetonitrile at 298.15 K
Model
Ba®'®+ L = Ba®'®L;
Ba®+ + 2L = Ba^'La;2+7
P i , A H ,  
P2, AH2
Thermodynamic parameters
P i
AHi
P2
A H 2
7.73 X 10" 
15.18 kJ/mol 
4 .30x10^ 
55.13 k J/mol
Estimated errors
P i
AHi
P2
A H 2
2.53 X 10®
0.68 Id/mol 
3.74 X  10® 
1.10 kJ/mol
Titration conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Ba^’*' in syringe 
Volume in vessel
14
1.51 X  10'" mol/dm'" 
3.58 X 10'^ mol/dm'"
2.80 dm'"
No Volume Qexp Qcalc Residual
pi mJ mJ mJ
1 11.95 9.4790 9.7450 -0.2660
2 11.95 9.2300 8.8285 0.4015
3 11.95 7.9680 7.8288 0.1392
4 11.95 6.6630 6.7770 -0.1140
5 11.95 5.4100 5.7177 -0.3077
6 11.95 4.5070 4.7022 -0.1952
7 11.95 4.0050 3.7789 0.2261
8 11.95 3.3590 2.9824 0.3766
9 11.95 2.0900 2.3273 -0.2373
10 11.95 1.9740 1.8088 0.1652
11 11.95 1.3140 1.4094 -0.0954
12 11.95 1.1370 1.1064 0.0306
13 11.95 0.6770 0.8780 -0.2010
14 11.95 0.7290 0.7053 0.0237
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Table 5: Microcalorimetric titration data for 1 and lead(II), as perchlorate in
acetonitrile at 298.15 K
M odel
Pb®'®+ L = Pb®+L; 
Pb®+ + 2 L  =  Pb®%;
3 i , AHi 
p2, AHa
Therm odynam ic P aram eters
Pi
AHi
P2
AH2
2.92 X 10^ 
15.85 kJ/mol 
46.14 X 10^ 
41.00 Id/mol
Estim ated erro rs
Pi
AHi
P2
AH2
1.12 X 10"
0.61 kJ/mol 
1 .8 2 x 1 0 ’ 
2.69 kJ/mol
T itration  conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Pb^ "" in syringe 
Volume in vessel
18
7.96 X  10'"^  mol/dm'" 
1.92 X  10'" mol/dm "
2.80 dm'"
No Volume Qexp Qcalc Residual
pi m J m J m J
1 12.01 6.8750 6.8091 0.0659
2 12.01 6.5790 6.6180 -0.0390
3 12.01 6.1760 6.2427 -0.0667
4 12.01 5.4770 5.4603 0.0167
5 12.01 4.0600 4.0038 0.0562
6 12.01 2JW20 2.2497 -0.0077
7 12.01 1.0270 1.0479 -0.0209
8 12.01 0.4470 0.4503 -0.0033
9 12.01 0.1700 0.1675 0.0025
10 12.01 0.1120 0.0436 0.0684
11 12.01 -0.0220 0.0080 -0.0300
12 12.01 -0.1190 0.0016 -0.1206
13 12.01 -0.2110 0.0004 -0.2114
14 12.01 0.0440 0.0001 0.0439
15 12.01 -0.3000 0.0000 -0.3000
16 12.01 -0.2310 0.0000 -0.2310
17 12.01 0.1460 0.0000 0.1460
18 12.01 0.0510 0.0000 0.0510
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Table 6: Microcalorimetric titration data for 1 and cadmium(Il), as perchlorate
in acetonitrile at 298.15 K
Model
Cd®++ L = Cd®*L; P i , AHi
Thermodynamic Parameters
Pi
AHi
15.80 X  10" 
21.96 kJ/mol
Estimated errors
Pi
AHi
3.52 X 10® 
0.71 IcJ/mol
Titration conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Cd "^" in syringe 
Volume in vessel
16
1.01 X 10'" mol/dm'"
3.09 X 10'^ mol/dm'"
2.80 dm "
No Volume Qexp Qcalc Residual
pi mJ mJ mJ
1 12.01 8.2170 7.5998 0.6172
2 12.01 7.9187 7.4339 0.4848
3 12.01 7.4950 7.1949 0.3001
4 12.01 7.0500 6.8445 0.2055
5 12.01 5.9079 6.3306 -0.4227
6 12.01 4.8755 5.6029 -0.7273
7 12.01 4.1318 4.6628 -0.5310
8 12.01 3.3711 3.6214 -0.2503
9 12.01 2.5205 2.6616 -0.1410
10 12.01 2.0007 1.9073 0.0934
11 12.01 1.0835 ■ 1.3707 -0.2871
12 12.01 0.5070 1.0041 -0.4970
13 12.01 0.4356 0.7543 -0.3187
14 12.01 0.2605 0.5814 -0.3209
15 12.01 0.3130 0.4589 -0.1458
16 12.01 0.3419 0.3698 -0.0280
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Table 7: Microcalorimetric titration data for 1 and copper(II), as perchlorate in
acetonitrile at 298.15 K
Model
Cu®'®+ L = Cu®*L; Pi , AH,
Thermodynamic Parameters
Pi
AHi
3.34 X  10" 
13.70 kJ/mol
Estimated errors
Pi
AH,
8.43 X  10® 
0.81 kJ/mol
Titration conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Cu^^ in syringe 
Volume in vessel
13
1.03 X  10'" mol/dm'"
2.97 X  10'" mol/dm"
2.80 dm'"
No Volume Qexp Qcalc Residual
pi mJ mJ mJ
1 12.01 3.5510 3.6961 -0.1451
2 12.01 3.5030 3.4981 0.0049
3 12.01 3.3990 3.2727 0.1263
4 12.01 3.2450 3.0224 0.2226
5 12.01 2.9130 2.7529 0.1601
6 12.01 2.4050 2.4727 -0.0677
7 12.01 2.1020 2.1923 -0.0903
8 12.01 1.6310 1.9223 -0.2913
9 12.01 1.4120 1.6713 -0.2593
10 12.01 1.3950 1.4451 -0.0501
11 12.01 1.3310 1.2461 0.0849
12 12.01 1.2450 1.0743 0.1707
13 12.01 1.1050 0.9278 0.1772
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Table 8: Microcalorimetric titration data for 1 and mercury(II), as perchlorate
in acetonitrile at 298.15 K
Model
Hg®++ L = Hg"%;.2+1 P i , AH,
Thermodynamic Parameters
P i
AH,
12.00 X  10" 
5.90 kJ/mol
Estimated errors
Pi
AH,
4.67x10^ 
0.39 k J/mol
Titration conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f in syringe 
Volume in vessel
13
8.70 X  10'"^  mol/dm'" 
2.76 X  10'" mol/dm "
2.80 dm "
No Volume Qexp Qcalc Residual
pi mJ mJ mJ
1 12.01 1.9500 1.7632 0.1868
2 12.01 1.9010 1.7078 0.1932
3 12.01 1.7970 1.6312 0.1658
4 12.01 1.5710 1.5257 0.0453
5 12.01 1.2570 1.3840 -0.1270
6 12.01 0.9240 1.2044 -0.2804
7 12.01 0.7600 0.9981 -0.2381
8 12.01 0.6320 0.7897 -&1577
9 12.01 0.5360 0.6047 -0.0687
10 12.01 0.4070 0.4567 -0.0497
11 12.01 0.3430 0.3459 -0.0029
12 12.01 0.1930 0.2652 -0.0722
13 12.01 0.0520 0.2069 -0.1549
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Table 9: Microcalorimetric titration data for 1 and zinc(II), as perchlorate in
acetonitrile at 298.15 K
Model
Zn®*+ L  =  Z d " L Pi , A H ,
Thermodynamic Parameters
Pi
AHi
4.02 X 10" 
16.19 k J/mol
Estimated errors
Pi
AHi
6.20 x l ( r  
0.58 kJ/mol
Titration conditions
Number o f data points 
Conc o f 1 in vessel 
Conc o f Zn "^" in syringe 
Volume in vessel
15
1.09 X 10"  ^mol/dm" 
2.19 X 10" mol/dm"
2.80 dm""
No Volume Qexp Qcalc Residual
pi mJ mJ mJ
1 12.01 3.4240 3.4163 0.0077
2 12.01 3.2715 3.3073 -0.0358
3 12.01 3.2560 3.1843 0.0717
4 12.01 3.0030 3.0466 -0.0436
5 12.01 3.0283 2.8942 0.1340
6 12.01 2.8210 2.7282 0.0928
7 12.01 2.5499 2.5503 -0.0005
8 12.01 2.2787 2.3637 -0.0850
9 12.01 2.1470 2.1721 -0.0251
10 12.01 1.8055 1.9801 -0.1746
11 12.01 1.8010 1.7921 0.0089
12 12.01 1.5320 1.6122 -0.0802
13 12.01 1.4466 1.4436 0.0030
14 12.12 1.3580 1.2994 0.0586
15 12.01 1.1700 1.1466 0.0234
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Appendix 9. Percentage of Hg^^and Ag  ^extracted by 2 from the aqueous to the 
dichloromethane phase.
Table 1; Percentage of mercury(II) and silver(I) extracted from water to 
dichloromethane in the presence of 2 at 298.15 K.
[2]/[Hg2+] %E [2]/[A g1 %E
0.00 0.00 0.00 0.00
0.25 19.97 0.12 13.44
0.38 28.00 0.23 24.18
0.52 36.70 0.35 34.50
0.64 43.80 0.46 44.70
0.77 51.60 0.58 53.60
0.83 55.00 0.69 61.60
0.90 58.40 0.81 68.70
0.96 61.00 0.93 74.61
1.02 64.00 0.98 76.83
1.15 66.40 1.04 78.45
1.28 68.00 1.10 79.90
1.41 69.80 1.16 80.80
1.54 70.80 1.30 82.30
1.68 72.20 1.52 83.80
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